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Abstract
Although CNC controlled spark erosion machines have been widely used in tool man-
ufacturing industry for more than 70 years, low material removal efficiency and poor
workpiece surface quality have been the dominant issues, especially in eroding semi-
conductive material such as PCD. Therefore, reducing material removal time while
maintaining the precision of the workpiece geometry and a good surface quality of the
workpiece, has always been a topic of research interest. In order to improve the ero-
sion process efficiency, the electrical discharge pulses (sparks) and the inter-electrode
gap distance need to be effectively controlled. Developing control algorithms for pulse
controller and gap controller is a difficult task due to (1) Spark erosion is a stochastic
and time-varying process. (2) Spark discharge occurs over a very short period of time
(typically between 0.5 µs to 20 µs) (3) Spark erosion process involves evaporating and
melting of both electrode and workpiece within a very small gap (typically between
3 µm to 10 µm).
The objectives of this thesis are to research and develop various novel strategies (al-
gorithms) for monitoring and controlling discharge pulses and spark gap in a CNC
controlled 3 dimensional 5 axes EDG machine with aims of (1) To improve the poor
cutting edge issue of an eroded PCD tool that is normally caused by insufficient con-
trol of the heat generated by spark discharges, and (2) To improve the stability of
the stochastic and time-varying erosion process, and (3) To improve the efficiency of
the material removal process by maintaining the spark gap distance at an optimum
level regardless of disturbances that are introduced into the system. The investiga-
tion and development outcomes of this thesis will be of a great interest to the machine
tool industry for producing high performance commercial EDG spark erosion machines.
iv
Experimental investigations of various dominating factors that affect eroded PCD tool
quality is discussed in Chapter 3. A number of critical issues with the PCD tool quality
(such as brittle cutting edge, PCD and WC interface undercut, and poor surface rough-
ness) are discovered during these investigations. Effective detection methods of spark
gap condition are proposed is Chapter 4 with particular emphasis on a spark erosion
system that contains a rotating electrode and involves 3 dimensional PCD tool erosion.
In Chapter 5 novel discharge pulse control algorithms are proposed that are particularly
designed to effectively control the heat that is applied to the eroded PCD tool based on
the condition of the spark gap. A multi level hierarchical spark gap control algorithm
is proposed in Chapter 6, in which each of its control level has been carefully designed
to maintain the spark gap distance at an optimum level regardless of fast changing of
erosion conditions or disturbance introduced into the system. Implementation of these
control algorithms in embedded processors for real-time control is also discussed in this
thesis. Major problems that are encountered during implementation process and how
to tackle these problems are also briefly discussed.
The outcome of this research work has resulted in proposed algorithms adopted in a
commercial spark erosion machine–The ANCA EDGe, 2014 Excellence in innovation
award from the Australia CRC association, one international patent, one paper pub-
lished in an international journal and three papers published in various international
conferences.
v
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1.1 Background
1.1.1 The need for polycrystalline diamond tool (PCD)
Recent developments in the automotive and aerospace industries have concentrated
on production of fuel efficient vehicles or aircrafts. Thus, high performance materials
such as metal matrix composites (MMCs) have attracted many material researchers
to investigate the improvement and application of these materials in automotive and
aerospace industries (Chawla and Chawla 2000, Ibrahim et al. 1991, Kaczmar et al.
2000). Initially, MMC were used in aerospace and defence products, but their ability
has now progressively moved into high volume applications in the recent years, due
to the availability of relatively inexpensive reinforcements and development of various
processing techniques that allow reproducible micro structures.
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MMCs are composites that combine useful metallic properties (high toughness) and
ceramic properties (high strength), resulting in superior shear and compression resis-
tance and higher operating temperature capabilities. Applications of these materials
are mainly focused on replacing heavier steel or iron components in a vehicle or aircraft
with relatively light weight MMCs material. Using MMCs in major components of
aircrafts or vehicles, will improve their fuel efficient and performance by reducing their
weight (Lewandowski et al. 1989, Tjong and Ma 2000).
The improvements made by researchers in formulating alloy composites and manufac-
turing routes face a common problem: these materials are extremely abrasive and are
therefore very difficult to machine with high precision and accuracy. By comparing a
similar unreinforced alloy with alloys that employ a metallic matrix, the addition of
a relatively small portion of SiC makes the machining of these materials extremely
difficult due to the increase of abrasiveness in these materials. Machining with high
speed steel (HSS) and cemented tungsten carbide (WC) tools will cause the tool to
wear rapidly, resulting in poor surface finish and component size control.
Considering the desirable properties of polycrystalline diamond (PCD) tools, (e.g. high
hardness, excellent wear resistance and good thermal conductivity) they appear to be
capable of machining MMC materials. Many researchers have reported the advantages
of machining non-ferrous metal materials with PCD tools. For example, Link and
Schurer (Link and Schurer 1998) presented the application of using drill-thread-chamfer
PCD tools for machining AlMgSi alloy motorcycle engine housings. The advantage
of using this PCD tool compared to normal tungsten carbide tool was shown to allow
higher machining speed and improvement in thread quality and virtually eliminating
the burring issue caused by the machining process. Figure 1.1 shows some examples of
PCD tools used for machining of non-ferrous metal materials.
To investigate the performance of PCD tools during machining of MMCs, Gallab and
Sklad (El-Gallab and Sklad 1998) performed a series of dry high-speed turning tests
on SiC/Al MMCs using different tool material, tool geometry and cutting parameters.
They reported PCD tools showing less tool wear compared to TiN coated carbide tool
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Figure 1.1: Examples of different types of PCD tools used for machining of non-
ferrous metal material.
and Al2O3/T iC alumina tools. Machining of metal-matrix composites with coated car-
bide and alumina tools suffered from excessive crater wear and chipping on the cutting
edge. The advantages of PCD such as low coefficient of friction, superior hardness and
high thermal conductivity have led to lower cutting temperatures when using PCD
tools, thus achieving longer tool life.
Due to high strength and hardness, fabrication of PCD tools is very challenging. Con-
ventional tool fabrication methods that use a grinding process are not efficient and cost
effective due to excessive wear of the grinding wheel, significant grinding force involved
during the grinding process and very low material removal rate. Workpiece distortion
and the use of excessive fixtures are also some of the side effects of grinding PCD tools
with an excessive grinding force.
An alternative and cost efficient method to fabricate PCD tools is to use spark erosion
technology, a non-contact material removal process. Utilising of such a technology can
eliminate common problems with traditional abrasive grinding or machining such as
chattering, tool bending and mechanical stress. As a non contact erosion technology,
spark erosion can be used to shape any conductive or semi-conductive material regard-
less of the workpiece hardness and strength. However, the efficiency of spark erosion
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process is highly dependent on the electrical conductivity of the workpiece. In general,
workpieces with higher electrical conductivity have higher erosion speed whereas work-
pieces with lower or no electrical conductivity cause degradation in the performance of
the sparking process in terms of efficiency and quality of the produced PCD tool.
1.1.2 Spark erosion process
Spark discharge is a unique material removing process that uses thermal energy to re-
move electrically conductive or semi-conductive material regardless of their hardness.
Such a material removing process is defined as a spark erosion process (SEP) in which
material is removed by a series of rapidly recurring current discharges between an elec-
trode and a workpiece spaced by a gap distance in a range of 2 − 100 µm filled with
dielectric liquid (Bommeli et al. 1979a, Kunieda and Yanatori 1997, Schumacher 1990a).
SEP is one of the most extensively used non-traditional material removing processes for
manufacturing parts that are difficult to machine with traditional abrasive machining or
grinding process such as dies and molds. Since SEP does not involve material removal
via direct contact between the electrode and workpiece, mechanical stress, chattering
and vibrations that are common problems with traditional machining and grinding
processes are eliminated. There are many types of machining solutions that use spark
discharge principle such as
 Electrical Discharge Grinding (EDG) (Uhlmann et al. 2005).
 Electrical Discharge Machining (EDM) (Guu and Hocheng 2013) .
 Wire Electrical Discharge Machining (WEDG) (Kozak et al. 1994, Williams and
Rajurkar 1991).
When the discharge current starts to flow from the power supply, a substantial level
of heat can be generated during the sparking process in the discharge channel (the
gap). Indeed, within the gap, the temperature can rise up to 20, 000K in a very short
period of time (Albinski et al. 1996, Natsu et al. 2004). This high temperature leads to
melting, vaporization and ionization of the workpiece material at the point where the
discharge takes place (Kojima et al. 2008a). The superheated molten material explodes
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violently into the dielectric liquid and cools down instantaneously after the discharge
current is disrupted, and is solidified into several hundreds of small particles. These
small particles are then flushed away from the gap by the dielectric flow. In a single
spark discharge, only a very small volume of material is removed from the workpiece.
Therefore, in order to increase the material removal efficiency, a series of spark dis-
charges has to be applied at a frequency of 100 Hz to 100 kHz.
At the end of the discharge period, the temperature of the discharge channel between
the electrode surface and the workpiece drops rapidly, which results in the recombina-
tion of the ions and electrons and a recovery of the dielectric breakdown strength. To
obtain a stable and efficient sparking process, it is important to ensure that the next
discharge channel is formed at a different spot that has sufficient distance from the
previous spot (Han et al. 2008, Li et al. 1997). This will allow the dielectric strength
at the previous spot to be recovered before the next voltage pulse is applied. If the
dielectric breakdown strength is not fully recovered, it will allow the discharge channel
to constantly take place at the same location and cause thermal damage and poor sur-
face quality of the workpiece (Kunieda et al. 1990, Qiang et al. 2002).
The history of SEP starts back in 1770 when Joseph Priestly, an English chemist dis-
covered the effect of sparking process. However, no constructive use of this process
occurred until 1943, when Lazarenko and his research team from Moscow university
developed a controlled spark erosion process to shape high hardness metals by using
thermal energy (Kunieda et al. 2005). They conducted studies on machining differ-
ent conductive materials using a resistance-capacitance (RC) type power supply. RC
type power generator was widely used in the 1950’s for spark erosion. Since then,
many researchers have developed various methods to control the discharge condition
for achieving precision machining (Rajurkar et al. 1989, Wang and Rajurkar 1992).
1.1.3 Control system for spark erosion machine
As explained previously, spark erosion is capable of eroding extremely hard conductive
and semi-conductive materials, such as polycrystalline diamond (PCD). Due to its vari-
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Figure 1.2: Core components of a typical spark erosion system.
ous advantages over traditional abrasive machining and grinding, spark erosion process
are widely used in a vast range of manufacturing applications. Despite its common use,
spark erosion process involves complex and time-varying phenomena that are yet to be
well understood.
One of the challenging yet crucial tasks for a stable and efficient erosion process is
the monitoring and controlling of the condition of the spark gap between the wheel
electrode and the workpiece. Spark erosion process occurs over a very short period
of time in a very narrow gap filled with dielectric liquid. Figure 1.2 shows the core
components of a typical spark erosion system. Most modern spark erosion machines
are equipped with a gap controller to control the inter-electrode spark gap distance for
stable machining and a pulse controller to control the on and off time of each single
current pulse that flows through the spark gap by sending switching commands to a
power module. In the pulse controller module, there is an intelligent routine that is
capable of detecting an arcing or short circuit pulse based on the gap voltage and
gap current feedback signals from the current and voltage sensors. Such an intelligent
routine is normally labelled as gap monitoring or pulse discrimination technique.
Another most challenging yet crucial task for spark erosion control system is to main-
tain an optimum spark gap distance between the electrode and workpiece during the
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erosion process. This spark gap width is usually between 2µm to 100µm. Experts in
the field of spark erosion process have demonstrated that effective control of the gap
distance can significantly improve the efficiency of sparking process in terms of material
removal rate (Fujiki et al. 2011a). Thus, maintaining the spark gap width at a desired
level is critical task to be considered within any spark erosion system design.
In the past two decades, researchers have developed several advanced monitoring and
control strategies to improve the gap controller performance (Han et al. 2004). Usually
the spark gap width is assumed to be directly related to the average voltage measured
across the gap (henceforward called average gap voltage and denoted by (AVg). As
shown in Figure 1.2, typical gap controller designs receive an error input which is the
difference between the actual and the desired values of the gap voltage, and output,
a feed-rate command, to be sent to an actuator (usually a servo system) that would
move the workpiece accordingly.
As it was previously mentioned, open circuit pulses occur when the spark gap distance is
too large for the breakdown of the dielectric. An important characteristic of each open
circuit pulse is that it has the longest ignition delay time. The length of the ignition
delay time is generally assumed proportional to the gap distance. The rationale behind
this assumption is that in general, when a high voltage is applied across a larger spark
gap distance, the dielectric requires a longer time to achieve its dielectric breakdown
state. In other words, a gap voltage pulse will has a long ignition delay time when the
gap distance is large, and short or no ignition delay time either when the gap distance
is small or large amount of debris is trapped in the gap. Thus, the gap distance can
be approximately assumed to be proportional to the delay time. hence to the physical
gap distance. On the other hand, we note the open circuit voltage (which is the gap
voltage during the delay time) is for larger than the gap voltage during other times
(including the discharge period). Thus, the ignition delay time and the average gap
voltage are approximately proportional. More precisely, the ignition delay time can be
controlled via controlling the average gap voltage. Hence, to monitor and control the
gap distance, one can directly measure and control the average gap voltage.
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Figure 1.3: Typical non-linear gap control system used in the industry.
A commonly used non-linear proportional gap control system is shown in Figure 1.3.
In this method, a gap voltage sensor is used to measure the gap voltage during eroding
process and a low pass filter is used to calculate the average of these gap voltage pulses.
This average gap voltage feedback signal is then compared with a reference average
gap voltage to calculate the error signal for the proportional (P) controller. The P
controller increases the feeding rate of the electrode towards the workpiece when the
error is positive and reduces or retracts from the workpiece when the error is negative.
More details working principle of this control system is discussed in Chapter 3.
1.2 Problem Motivation
Spark erosion is mainly different from traditional abrasive grinding and machining oper-
ations in the sense that the electrode does not make physical contact with the workpiece
for material removal. The electrode must always be spaced away from the workpiece by
a small distance that is required for continuous sparking. When the electrode is in con-
tact with the workpiece, no material will be removed from the workpiece. Since spark
erosion has the ability to remove any conductive and semi conductive material regard-
less of its hardness, it is a versatile method for removing materials that are difficult to
manufacture” such as polycrystalline diamond (PCD) and various conductive ceramics.
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Although CNC controlled spark erosion machines have been widely used in tool manu-
facturing industry for more than 70 years, since 1943 when Lazarenko invented the first
CNC control spark erosion machine, low material removal efficiency and poor workpiece
surface quality have been the dominant issues, especially in eroding semi-conductive
material such as PCD. Therefore, reducing material removal time while maintaining
the precision of the workpiece geometry and a good surface quality of the workpiece,
has always been a topic of research interest, and is also crucial for the success of high
performance commercial CNC controlled spark erosion machines.
In order to improve the erosion process efficiency, the electrical discharge pulses (sparks)
need to be effectively controlled. There are a few variables that can be used to control
the discharge pulses, including the spark gap between the electrode and workpiece, gap
voltage and current amplitude and duration, coolant flow rate wheel rotating speed and
direction. Such process parameters need to be investigated for their effect on material
removal and surface finish quality through extensive experiments. It is also noted that
as stated in previous section, developing control algorithms for pulse controller and gap
controller is a difficult task due to the following challenges:
 Spark erosion is a stochastic and time-varying process.
 Spark discharge occurs over a very short period of time (typically between 0.5 µs
to 200 µs).
 Spark erosion process involves evaporating and melting of both electrode and
workpiece within a very small gap.
Difficult and inaccurate monitoring and control of the electrical discharge pulses and
inefficient sparking process are common problems in spark erosion. There are many
strategies to tackle these problems with Electrical Discharge Machining (EDM) type
machines. As it was previously mentioned, a common approach is to use the average
gap voltage to control the gap distance between the workpiece and the electrode (Ja-
nardhan and Samuel 2010, Lim et al. 2003). Another approach is to use ignition delay
time to detect the condition of the discharge gap (Altpeter and Perez 2004, Y S Liao and
Chuang 2009). Others have suggested electrode jump approaches to ensure the erosion
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gap is constantly filled with fresh dielectric and to ensure no localised discharge takes
place during sparking process that causes poor tool quality (Chang et al. 2005, Ekmekci
and Sayar 2013). These approaches are mainly developed for tackling problems in an
EDM type machine and work best with highly conductive metal-type material as work-
piece. These monitoring and control strategies are not suitable for an EDG machine
with rotating electrode especially with semi conductive material as workpiece. Even
though both EDM and EDG machines may experience some similar problems, but the
methods used in EDM to tackle these problems will not be suitable for EDG machine
because of the fundamental differences that exist with the two machine’s configurations.
According to Obaciu and Ppisarciuc (Obaciu and Ppisarciuc 2008), the effectiveness of
spark erosion process is mainly dependant on the electrical conductivity properties of
the workpiece. The monitoring and control strategies presented so far in the literature,
are mainly focused on, and effective for eroding metal type workpieces such as high
speed steel and tungsten carbide, which are very good electrical conductors. Sparking
of these materials with EDM type machines generally does not produce serious issues
in terms of material removal rate and process efficiency. On the other hand, electrical
discharge erosion (eroding) of semi conductive material such as polycrystalline diamond
(PCD) and chemical vapour deposition diamond tools are yet to be well understood.
During spark erosion of semi-conductive materials, a large amount of heat is injected
to the workpiece that may cause thermal damage to the workpiece. However, accord-
ing to Lee and Tai (Lee and Tai 2003), thermal damage and micro-cracks caused by
spark erosion on the surface of metal-type workpieces are generally not an issue. This
is because the poor thermal conductivity properties of these materials cause the heat
generated by sparking process to localise and not be distributed to the body of the
workpiece. PCD is a good thermal conductor and very sensitive to heat (Yan et al.
2013). According to Zou et al., (Zou et al. 2013), diamond starts to graphitise at 700.
Poor control performance of the discharge energy will result in thermal damage on the
workpiece. There is an urgent need for intelligent routines that are capable of monitor-
ing and controlling the heat damage to the surface of the workpiece without sacrifying
the material removal rate.
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1.3 Objectives and Contributions of Thesis
1.3.1 Objectives
The objectives of this thesis are to research and develop various novel strategies (al-
gorithms) for monitoring and controlling discharge pulses and spark gap in a CNC
controlled 3 dimensional 5 axes EDG machine with the following aims:
 To improve the poor cutting edge issue of an eroded PCD tool that is normally
caused by insufficient control of the heat generated by spark discharges, and
 To improve the stability of the stochastic and time-varying erosion process, and
 To improve the efficiency of the material removal process by maintaining the spark
gap distance at an optimum level regardless of disturbances that are introduced
into the system.
The investigation and development outcomes of this thesis will be of a great interest
to the machine tool industry for producing high performance commercial EDG spark
erosion machines.
1.3.2 Contributions of Thesis
1. Experimental investigation of various dominating factors that affect eroded PCD
tool quality is discussed in Chapter 3. So far, no such investigations have been
conducted on the quality of the PCD tool using spark erosion method. A number
of critical issues with the PCD tool quality (such as brittle cutting edge, PCD
and WC interface undercut, and poor surface roughness) are discovered during
these investigations. Discovery of such problems further support the requirement
for an intelligent spark erosion control for PCD tool erosion using EDG spark
erosion systems.
2. Accurate detection of the spark gap condition has always been a challenge for
high performance spark erosion system. In this thesis, effective detection methods
of spark gap condition are presented in Chapter 4with particular emphasis on a
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spark erosion system that contains a rotating electrode and involves 3 dimensional
PCD tool erosion. The experimental results show that the proposed methods are
highly robust compared to the traditional average gap voltage method.
3. Our experimental investigations show that poor control performance of the dis-
charge pulses is one of the dominating factors that contribute to overheating of
an eroded PCD tool. Novel discharge pulse control algorithms are presented in
Chapter 5 of this thesis, that are particularly designed to effectively control the
heat that is applied to the eroded PCD tool.
4. Effective control of the spark gap distance during erosion process has always been
a challenging task for researchers due to its stochastic process and strict require-
ment of a very small working gap distance. In Chapter 6 we presents a multi
level hierarchical spark gap control algorithm in which each of its control level
has been carefully designed to maintain the spark gap distance at an optimum
level regardless of fast changing of erosion conditions or disturbance introduced
into the system.
5. Control algorithms that are proposed in this thesis are highly efficient and are
suitable for any embedded processors. Real-time implementation of these control
algorithms is also discussed in this thesis. Major problems that are encountered
during implementation process and how to tackle them are also briefly discussed
in Chapter 4 and 6.
1.4 Results of this research work
1. Proposed algorithms adopted in commercial spark erosion machine–The ANCA
EDGe as shown in Figure 1.4, and
2. 2014 Excellence in innovation award from the Australia CRC association, and
3. Three papers published in international conferences and a journal:
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 Tee, K. T. P., Hoseinnezhad, R., Brandt, M. and Mo, John 2013, Gap width
control in electrical discharge machining, using type-2 fuzzy controllers, 2013
International Conference on Control, Automation and Information Sciences
(ICCAIS), IEEE, pp. 140-145.
 Tee, K. T. P., Hosseinnezhad, R., Brandt, M. and Mo, John: 2011, Pulse
discrimination for electrical discharge machines with rotating electrodes, In-
ternational conference on mechatronics technology.
 Tee, K. T. P., Hosseinnezhad, R., Brandt, M. and Mo, John: 2013a, Pulse
discrimination for electrical discharge machining with rotating electrode,
Machining Science and Technology 17(2), 292-311.
 Tee, K. T. P., Hosseinnezhad, R., Brandt, M. and Mo, John: 2013b, Study
on application of interval type 2 fuzzy logic control for gap width controller
used in edm machine, Applied Mechanics and Materials, Vol. 365, Trans
Tech Publ, pp. 863-869.
4. One international patent has been filed:
 Tee, K. T. P., Boland, Patrick Gerard, M. B. and Mo, John: Pulse and
gap control for electrical discharge machining equipment. WO Patent App.
PCT/AU2014/000,076.
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Figure 1.4: 2014 ANCA commercial spark erosion machines - EDGe in operation.
1.5 Thesis Organisation
This thesis is organised in seven chapters. Chapter 1 contains an introduction and
background that gives an overview of the research which includes rationale, problem
motivation and major contributions of this thesis. Chapter 2, gives a more compre-
hensive and detailed introduction of the fundamentals of spark erosion process, and
includes a more extensive literature review of previous works in this area.
Chapter 3 investigates the relationship between the EDG process parameters and the
quality of the eroded tool. The machine configuration and hardware design of the gen-
erator used in these experiments are also discussed in this chapter. Various PCD tool
quality issues that are discovered as results of these investigations are presented in this
Chapter. These issues highlight the requirements of an intelligent routine in detecting
and monitoring of the spark gap condition.
The algorithms for detecting the condition of the spark gap are presented in Chap-
ter 4. In this chapter, detection of the spark gap can be separated into three levels.
Each level is designed to suit its own specific application. In each level, the performance
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of the proposed algorithm is validated with experimental results.
The control actions for level-1 spark gap detection are discussed in Chapter 5. This
chapter discusses the proposed algorithms for controlling the discharge pulses with the
aim to prevent continuous spark localising and to prevent overheating of the tool by
intelligently controlling the discharge energy supplied to the gap. The performance
of the proposed algorithms are verified in real-time applications. The results that are
achieved from the proposed algorithms are presented at the end of this chapter.
Chapter 6 discusses the proposed algorithms for controlling the inter-electrode spark
gap distance. The importance and the needs for the proposed algorithms are presented
at the start of this chapter. Based on the needs that have been discussed, the objectives
of the proposed control algorithms are also presented in this chapter. These algorithms
are then presented in 2 different levels. The first level is for controlling the spark gap
distance by generating a tool’s feeding rate command to the CNC and the second level
is to adaptively tune the feedrate output from the first level. These algorithms are
verified with real-time applications. Experimental results of the proposed algorithms
are discussed at the end of this chapter.
Chapter 7 concludes the work of this thesis and provides recommendations for future
work.
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2.1 Polycrystalline diamond tool (PCD)
Diamond is one of the hardest and the most wear resistant material in the world. Due
to its unique properties of extreme hardness, high thermal conductivity, high Young’s
modulus and low coefficient of friction, diamond is widely used in grinding and cutting
tools such as circular tools and saws for the processing of hard material (e.g. con-
crete, cemented carbides or natural stone) (Akaishi et al. 1996, Bundy and DeVries
2001, Field and Pickles 1996, Inspektor et al. 1997, Moore 2001, Yoshida and Morigami
2004). Diamond tool materials are made of either polycrystalline or single crystal in
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Figure 2.1: Sample PCD produced by Element Six using HPTP method
nature. Each class of diamond material can be either manufactured by chemical vapour
deposition (CVD) or high temperature and high pressure synthesis (HPTP).
Polycrystalline diamond (PCD) is a type of diamond material that is synthesised using
HTHP method. Polycrystalline diamond is the most popular form of material used by
diamond tool manufacturers. General Electric research group was the first to publicly
present the success of diamond synthesis in 1955 (Demazeau 1995, Nassau 1979). They
showed that in presence of any of the 12 metals, Fe,Co,Ni,Os,Rh, Pa, Ir,Ru, P t, Cr, Ta,Mn
and theirs alloys, diamond can be reproducibly synthesized from graphite under high
temperature and high pressure conditions in the thermodynamically stable region of
diamond (Bovenkerk et al. 1959). Cobalt nickel and an alloy of these with iron or
Manganese are the most preferred catalyst/solvents used in industry because of their
lower melting temperatures and lower operating pressures. At pressures above 4.137
GPa and temperatures above 1200°C, diamond crystals grow rapidly from a graphite
source in presence of these molten transition-metal catalysts or solvents. Figure 2.1
shows an example of a PCD strip manufactured by Element Six using HPTP method.
Most of these catalysts or solvents that allow synthesising of diamond from graphite
also allow the bonding of different or same type of diamond crystals. These diamond
crystals can be of either natural or synthetic type. Sneddon and Hall (M.V. Sned-
don and D.R. Hall 1988) proved that PCD cannot be formed by direct synthesis from
17
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Figure 2.2: Micro-structure of two types of PCD produced by Element Six (element
6 n.d.).
graphite to diamond even though a near complete conversion of graphite to diamond
can be achieved. This is because the volume shrinkage during the process of converting
graphite to diamond causes the catalyst or solvent to flow between the forming crystals
and prevents inter-crystalline bonding.
The forming of PCD with HPTP method is a liquid phase sintering operation. The
diamond powder is mix thoroughly with catalyst or binder within a protective can
before it is inserted in an extremely high pressure press. Most PCD tools consist of
tungsten carbide (WC) backing to support the PCD. In these tools, PCD is normally
bonded chemically with its backing. Some or all of the cobalt binder for the PCD
can be obtained by melting and extruding the cobalt binder from the tungsten carbide
cobalt (WC/Co) substrate, then filling the gaps left within the diamond crystal to form
a tough compact. Figure 2.2 shows the micro-structure for two types of PCD material
produced by Element Six Pty. Ltd. The micro-structure on the left consists of diamond
grain sizes between 2 − 30µm, whereas on the right, the micro-structure of PCD only
contains 25µm diamond grain size
The manufacturing process of PCD tools varies among different tool manufacturers.
As a well known PCD tool maker, Precorp Inc constructs its PCD drills by sintering
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Step 1 Step 2 Step 3
Step 4 Step 5
Figure 2.3: A PCD-veined drill manufacturing process patented by Pre-
corp (Bunting et al. 1987, PCD Vein Process 2013)
powder diamond into a groove along their flute length (Garrick and Bunting 2008).
These PCD drills are manufactured from a carbide blank that is grooved or slotted by
a standard grinding machine. Diamond powder is then mixed with cobalt binder and
is sintered into this void using the HPTP method at a temperature of 1482and a
pressure of 6039 Mpa. The sintered PCD blank is then brazed to a solid-carbide blank
with a certain distance from the cutting edge depending on the diameter of the drill.
The geometry of the tool is then ground by the traditional grinding method according
to the specification of the tool. Due to extreme hardness of the PCD at its cutting
edge, the sharpening of the tool’s cutting edge to the specific geometry requirement is
conducted by using spark erosion technology. The sharpening of drill’s cutting edge
is the most important fabrication process among the others as it directly affects the
quality and life of the fabricated tool. Figure 2.3 shows the five steps process patented
by Precorp Inc to produce a PCD vein drill (Garrick and Bunting 2008).
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Diamond grain sizes of the majority of PCD tools range from 1− 50µm. PCD grades
with finer grain size have higher strength in comparison to grades with coarser grain
sizes. Low grain size PCD tools are mainly used for woodworking industry or machin-
ing of low-silicon-aluminium alloys used in automotive industry. Medium grain size
PCD (10− 30µm) are the most commonly used grade in PCD tools. They are mainly
used for a wide variety of non-ferrous and non metallic materials including MMCs and
cooper alloys. In general, according to Cook and Bossom (Cook and Bossom 2000), the
PCD tool grain size depends on the abrasiveness of the machining condition. Abrasive
resistance is increased with larger grain size, whereas decreasing the grain size leads to
better tool cutting edge quality.
As explained previously, polycrystalline diamond (PCD) materials are synthesised us-
ing a high temperature and high pressure process from various diamond grain sizes.
During this process, a secondary catalyst metal such as cobalt is used to promote inter-
growth between diamond grain and to fill any gap between the structure and increase
the toughness of the material. Figure 2.4 shows scanning electron microscope (SEM)
images of two different PCD with 2 µm (left) and 30 µm of diamond grain size (right).
In this figure, the diamond crystal can be clearly seen on the 30 µm grain size PCD
and are less obvious on 2µm PCD.
The electrical conductivity of a PCD tool is depends on the grain size of the diamond
and the matrix design of the diamond cutting tool. Besides promoting diamond par-
ticle inter-growth during synthesis process, cobalt also renders the conductivity of the
PCD material which allows eroding techniques to be used for PCD tool fabrication,
as diamond itself has a very good electrical insulation property. In some cases, where
high thermal concentration during machining process is required, the presence of the
metallic catalyst will cause degradation of the tool performance. For this reason, some
PCD tool manufacturers leach the metallic catalyst leaving only the structure of di-
amond crystal (Frushour 1997). Fabrication of these types of PCD tool using spark
erosion technology is very challenging, as without the metallic catalyst being present,
the electrical conductivity of the PCD tool is reduced dramatically.
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Figure 2.4: SEM images of 2 µm (left) and 30 µm (right) grain size PCD before
spark erosion.
According to Miess and Rai (Miess and Rai 1996), in order to increase the toughness
of the PCD, PCD manufacturers normally use a large size of diamond crystal and low
volume of cobalt. PCD with large grain size will have lower strength in comparison with
PCD with finer grain size. Theoretically, lower percentage of cobalt in a large diamond
grain size PCD tool, results in the reduction of electrical conductivity for this type of
PCD tool. However, according to McLachlan (McLachlan 1984) the bulk resistivity of
the PCD tools are independent of the diamond grain size. About 14, 700 µWcm was
measured for PCD tools with grain size from 2 µm to 25 µm. The author also reported
different resistivity readings for radial and axial resistivities of the PCD tool. Indeed
the axial resistivity measurement showed about ≈ 40% higher than radial resistivity
measurement.
Obaciu and Ppisarciuc (Obaciu and Ppisarciuc 2008) have stated that different resistiv-
ity measurements are due to the fact that the diamond crystals are not completely or
evenly covered by the metallic binder during the synthesis process of PCD. According
toShin et al. (Shin et al. 2004), this is due to inter-growth of diamond crystals during
the synthesis of the PCD under a pressure of approximately 6 GPa and at a tempera-
ture of approximately 1600 . Therefore, it is possible that the electrical conductivity
of the PCD can be very high where high proportion of metallic binder is present, and
21
2.1 Polycrystalline diamond tool (PCD)
Interface Notch 
PCD 
Carbide 
Figure 2.5: Presence of interface notch between Carbide and PCD caused by poor
spark erosion performance.
low or zero conductivity of PCD is measured where high concentration of diamond is
sintered at the measured location.
Due to the inconsistency of electrical conductivity of the workpiece, fabrication of a
high quality PCD tool using normal spark erosion technology can be challenging. Be-
sides having the electrical conductivity inconsistency issue, poor PCD tool cutting edge
quality is also a common issue for PCD tool fabrication using spark erosion method.
Chipping, micro-cracking and graphitisation of diamond on the cutting edge of the PCD
tools are common defects caused by poor spark erosion process. Significant cracks and
interface notch of ≈ 250µm deep between tungsten carbide backing and PCD were dis-
covered by Thoe et al (Thoe et al. 1996a) with very coarse diamond grain after sparking
process. Figure 2.5 shows an example of interface notch caused by poor performance
of spark erosion process.
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Figure 2.6: Schematic diagram of the EDM Machines commonly used in the in-
dustry for die and mould manufacturing.
2.2 EDM and EDG
As explained in the previous section(1.1.2), there are many types of spark erosion
systems commonly used in the industry. Although they are all spark erosion machines,
they can be very different in terms of machine setup and configuration. Consequently,
the sparking process and workpiece material removal mechanism that take place across
the gap between the electrode and workpiece can be very different as well. In this
section, we will discuss the differences between two types of sparking systems that are
widely used in the industry: plunge type electrical discharge machining (EDM) and
rotary electrical discharge grinding (EDG).
EDM type spark erosion machines are the most commonly used spark erosion machine
in industry. The first spark erosion machine developed by Lazarenko is an EDM type
machine.
Figure 2.6 shows an EDM machine configuration widely used in the industry. In plunge
type EDM, the shape of the workpiece is formed by replicating the shape of the elec-
23
2.2 EDM and EDG
trode. The material of the electrode is normally copper or graphite. To achieve an
optimum sparking process, the movement of the electrode is controlled by a servo sys-
tem that maintains a gap distance of 10µm to 100µm between the electrode and the
workpiece. In this sparking machine, the workpiece is normally submerged in the di-
electric fluid EDM type spark erosion machine can use very high power discharge pulses
(up to 100A of current pulse) to expedite the material removing process without in-
creasing the risk of catching fire (Sen et al. 2003a).
With high current discharge pulses, the debris size generated during erosion process
are generally larger than the debris size generated with low current pulses. These large
size debris can cause constant short circuit condition between the electrode and the
workpiece. Therefore, it is important that the dielectric fluid is filtered to remove these
debris particles and the decomposition products generated during discharging process.
A good filtration system can improve the stability of the sparking process by remov-
ing all the large size particles in the dielectric that can cause continuous short circuit
between the electrode and the workpiece. Typically the filtration system in a sparking
machine should have the capability of filtering all particle sizes larger than 10µm.
According to Lonardo and Bruzzone (Lonardo and Bruzzone 1999), the efficiency of
debris flushing from the gap between the electrode and workpiece during eroding pro-
cess is a determining factor for the performance of the sparking process. The material
removal rate and the geometry accuracy of the produced workpiece can be significantly
improved by increasing the performance of debris flushing out from the sparking gap.
Inefficiency of debris removal process has been a common issue for plunge type EDM
machines. In order to overcome this problem, in recent years, many researchers have
proposed to use a disk-shaped electrode. This electrode can rotate at different speeds
instead of using a stationary electrode (Chattopadhyay et al. 2009, Chow et al. 1999,
Ghoreishi and Atkinson 2002, Mohan et al. 2004, Soni and Chakraverti 1994, Yan et al.
2000). Rotary electrical discharge grinding (EDG) machine is a type of spark discharge
machine that consists of a rotating electrode. Due to the rotary motion of the wheel
electrode, the debris removal process is greatly improved compared to the plunge type
EDM machine, thus a higher material removal rate, better surface finish and more sta-
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ble eroding process can be achieved (Shu and Tu 2003).
Koshy et al. (Koshy et al. 1993) conducted comparative experiment studies on erod-
ing a rectangular slot in a flat workpiece with a rotating electrode compared with a
stationary electrode under the same experiment conditions. They reported that the
use of rotating electrode gives better material removal rate and tool wear rate than
the conventional stationary electrode. According to Koshy et al. (Koshy et al. 1993),
this improvement is because the rotation of electrode wheel increases the velocity of
the dielectric fluid in the working gap hence more effective debris removal rate can
be achieved. They also reported, improvements in corner reproduction accuracy and
workpiece surface finish quality using rotating spark erosion machine. By rotating the
electrode, the wear of the electrode is not localised in a specific location but is instead
is evenly spread over the entire circumference of the electrode wheel. Therefore the
shape of the electrode remains constant during the sparking process and better corner
reproduction accuracy is achieved.
It is noted that although both EDM and EDG machines use hydrocarbon oil as the
dielectric fluid to provide an isolation layer between the electrode and the workpiece,
it is used in different ways. Figure 2.7 shows an example of machine setup for a plunge
type EDM machine and Figure 2.8 shows an example of machine setup for an EDG
spark erosion machine. As shown in Figure 2.7 and Figure 2.8 , the workpiece in an
EDM machine is submerged in the dielectric fluid, whereas in an EDG machine, the
dielectric fluid is injected into the gap between the workpiece and the electrode.
According to Abothula et al (Abothula et al. 2010), rotating electrode spark erosion
machines can also be divided into three main different categories:
 Electrical discharge surface grinding (EDSG).
 Electrical discharge cut-off grinding (EDCG).
 Electrical discharge face grinding (EDFG).
Electrical discharge cut-off grinding machine is used to cut a workpiece into pieces or
make grooves into a workpiece. With this configuration, the electrode wheel rotates
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Figure 2.7: Schematic diagram of a common sinking EDM machine.
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Figure 2.8: Rotary EDG machine setup The figure shows a schematic of the setup
of an EDG machine.
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Figure 2.9: Layout of an ANCA 5 axes EDG machine
about its horizontal axis and is fed into perpendicular direction of the working table.
With the face grinding configuration, the electrode wheel rotates about the vertical
spindle axis and the electrode is fed in perpendicular direction into the machine table.
This type of machine is mainly used for eroding of cylindrical workpieces. Electrical
discharge surface grinding and electrical discharge face grinding have similar configu-
rations. With EDSG the electrode wheel also rotates about its horizontal axis and the
electrode is fed into the machine table, but this type of machine is mostly used for
eroding flat surfaces workpiece.
Figure 2.9 shows the layout of the machine configuration used in this research. It has
five machine axes driven by ANCA computer numerical control (CNC) system. As
shown in Figure 2.9, the electrode wheel is fitted on the ”C” axis of this machine and
the workpiece is fitted on the ”A” axis. The workpiece position is driven by X,Y,Z and
A axis whereas the position of the electrode is driven by C axis of the machine. Such a
5 axis EDG machine is capable of eroding various complex tool geometries and can be
programmed to have all the different machine configurations reported by Abothula et
al (Abothula et al. 2010). In general, there are two main types of eroding operations
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Figure 2.10: (a) Plunge erosion and (b) Contour erosion.
that can be programmed with this EDG machine to erode various complex geometry
workpieces:
 Plunge type EDG
 Contour type EDG
Figure 2.10 shows a schematic of the different eroding operations on the workpiece
that can be realised with this EDG machine. In plunge operation mode, the work-
piece is fed towards the front or back surface of the electrode wheel for erosion when
the EDG machine is programmed to erode with plunge operation. Whereas, in contour
operation, the workpiece is fed towards the peripheral or the edge of the electrode wheel.
The eroding area with plunge type operation is normally larger than the contour type
operation and thus higher spark rate can be achieved during eroding process. As a re-
sult, eroding a workpiece with plunge type operation will give higher material removal
rate (MRR) than contour type operation. However, plunge type operation can only be
used for eroding a flat surface area. A workpiece that requires complex geometry such
as curves, can only be achieved with contour type eroding process. Figure 2.11 shows
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Figure 2.11: EDG process in action using contour type operation.
an example of sparking process in action using contour type operation.
2.3 Spark Gap Phenomena
Improvement of spark erosion performance in terms of process efficiency, process sta-
bility, workpiece surface quality and workpiece thermal damage requires solid under-
standing of the physical principles behind the spark discharge and phenomena its inter-
action with dielectric liquid, electrode and workpiece. In-depth understanding of the
sparking process would help with designing better monitoring and control strategies
to overcome various sparking discharge problems related to its stochastic nature. The
following review of the gap phenomena from pre-breakdown phase to deionised phase
of the sparking process is essential to understand the complex process.
2.3.1 Single pulse discharge of conductive metal type workpiece
As discussed in Section 1.1.2, controlled spark discharge process normally occurs in a
gap between an electrode and an electrically conductive workpiece filled with dielectric
liquid such as hydrocarbon oil or de-ionized water. The spark is ignited when the volt-
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age is high enough to overcome the dielectric breakdown strength across a small gap.
The pre-discharge phenomenon leading to the creation of spark discharge is complex.
It has been widely studied by many researchers (Akiyama 2000, An et al. 2007, Forbes
1992). According to Descoeudres (Descoeudres 2006), in theory, dielectric breakdown
is too fast to be caused by repetitive electron avalanches through secondary cathode
emission. Instead, it is more likely to be caused by a very rapid growth of thin but
weakly ionized streamer, from the electrode to the workpiece.
Many other authors have pointed out that the breakdown process cannot be initiated
without the presence of bubbles (Aka-Ngnui and Beroual 2001, Beroual and Tobazeon
1986, Beroual et al. 1998). They suggest that the streamers do not propagate directly
through the liquid phase due to the strong collisions between electrons and molecules
in the high density dielectric medium. It is generally accepted that primary electron
avalanche only creates a streamer in a low density region. Therefore, the breakdown is
more likely to occur inside the bubbles in a gaseous medium rather than in the dielectric
region. Indeed, these bubbles can be formed by vaporisation of the dielectric medium
due to the heat released by small electron avalanches in the dielectric (Babaeva and
Kushner 2009, Beroual and Tobazeon 1986).
When a high voltage is applied across the gap, a streamer is formed on the cathode due
to intensive primary electron avalanche in the bubble. The positive charge created in
an electron avalanche produces an electric field with its intensity corresponding to the
external applied voltage when the avalanche reaches the anode. This electric field will
increase with the propagation and growth of the avalanche until it reaches its break-
down point. As soon as the electric field exceeds the breakdown point, a weakly ionized
region is created and the streamer is formed (Meek 1940).
Upon its formation, the streamer continues to grow and propagates with the electrode
avalanche. When the streamer reaches the other side of the electrode, it is reversed and
goes back to the original electrode. During this process, the ionised channel becomes
larger and eventually establishes the spark of an arc discharge. Figure 2.12 shows the
sequence of events leading to the dielectric breakdown after a gap voltage is supplied.
As shown in Figure 2.12, the streamer starts to form immediately after the gap voltage
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Figure 2.12: Pre-discharge Phase: The sequence of events from the formation then
propagation of the streamer to the breakdown of the dielectric liquid.
is supplied. Then the streamer begins to propagate after the gap voltage reaches its
maximum open circuit voltage. The ionized channel becomes larger and eventually
discharge sparks start after the dielectric breakdown point is reached. The time period
starting from the moment the gap voltage is supplied until when the dielectric break-
down occurs, is commonly termed as the ignition delay time(Td).
The main characteristic of these streamers, the length of the ignition delay time, de-
pends on the amplitude of the applied gap voltage, gap distance, dielectric conductivity,
dielectric temperature and dielectric composition. For example, contamination of the
dielectric will force dielectric breakdown to occur at a larger gap distance and will in-
crease the propagation speeds of the streamers. According to Beroual et al (Beroual
et al. 1998), parameters that affect the structure and characteristics of the streamer,
31
2.3 Spark Gap Phenomena
includes composition of the dielectric, amplitude and polarity of the applied gap volt-
age, gap distance between positive and negative electrodes and the geometry of these
electrodes. His experiment results show that the electrodes gap distance is the main
parameter that determines the time for the breakdown of the dielectric.
After the breakdown of the dielectric liquid, a plasma channel will be developed in a
very short time. The electrons and ions that pass through the gap create high tem-
perature, causing material evaporation at both electrodes. Kojima et al (Kojima et al.
2008b) observed the arc plasma with a high speed video camera and measured the arc
plasma temperature after breakdown phase using spectroscopy method. He reported
that the major part of the light-emitting period was during the first 700ns after the
dielectric breakdown. The high intensity of the first spark suggests that a large amount
of energy is injected to the workpiece during the first 700ns after breakdown of the di-
electric. The intensity of light during the discharge phase significantly increases with
the increase in discharge current after the breakdown phase, but stabilises after 1.7 µs.
These results demonstrate that the arc plasma completes expanding within few micro-
seconds after the breakdown of dielectric, as soon as an equilibrium is reached between
the energy supplied from the generator and the heat flowing to the electrodes. Similar
experimental results have been reported by Das et al.(Das et al. 2003) as well.
Rapid expansion of arc plasma diameter dramatically reduces the heat flux, causing the
temperature of the electrode and workpiece surface to drop below the boiling temper-
ature. As a result, the light intensity measured by Kojima et al (Kojima et al. 2008b)
starts to decrease after the first few micro-seconds in the discharge phase. Indeed, a
large amount of material is evaporated only a short period of few micro-seconds after
breakdown phase due to the small plasma diameter and high heat flux to the electrodes
surface. This high heat flux leads to high local temperature on the workpiece, which is
close to the vaporisation temperature of the material, hence the solid material is trans-
formed to liquid or vapour. Figure 2.13 illustrates the sequence of the events from the
formation of the plasma channel to the melting and evaporation of the workpiece and
electrode material. The measured gap voltage and current are also shown. Evaporation
of the workpiece and electrode material results in a rapid expansion of bubbles, which
on the other hand is restricted by the viscosity of the dielectric. Due to this expansion,
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Figure 2.13: Discharge Phase: Sequence of events from the formation of the plasma
channel to the melting and evaporation of the material during discharge phase.
the pressure in the bubbles and plasma channel becomes very high during the discharge
phase.
As soon as the spark duration time is over, the current is disrupted by the genera-
tor. The current drops to zero rapidly and the plasma channel is de-ionised quickly.
When the current drops, the light intensity of the arc plasma also drops fast. The ions
and electrons are recombined and the dielectric strength is recovered. As soon as the
plasma channel is de-ionised, the pressure inside the plasma channel is released and
the dielectric fills up the gap immediately which forces the pressurised molten metal
to be removed from the workpiece and leaves a crater on the surface (Lim et al. 1991,
Mamalis et al. 1987). The evaporated and melted material is solidified or condensed
by the cool dielectric to form debris particles, which are removed off the gap by the
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Figure 2.14: Removal mechanism of the molten material as a result of immediate
drop of pressure inside the plasma channel.
dielectric liquid. Figure 2.14 shows the removal mechanism of the molten material after
the current is disrupted by the generator.
Small craters are formed at locations where the material has been melted or vapor-
ised. Continuous sparking will cause overlapping of these craters and more and more
material to be removed. According to Dibitonto (DiBitonto et al. 1989), as the cur-
rent and the duration of the discharge time increases, the total heat input on the
workpiece surface increase significantly. The efficiency of the material removal process
reduces significantly when low energy (low current and short spark time) is supplied
by the generator. This is because the low energy supplied by the generator fails to
build enough pressure inside the plasma channel to increase the explosive force after
the current is disrupted by the generator, thus the material removal efficiency reduces.
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Figure 2.15: Two different crater sizes caused by different spark energies
Figure 2.15 shows two different sizes of craters resulted from different energies supplied
by the generator.
2.3.2 Single pulse discharge of semi-conductive workpiece
As discussed previously, spark erosion mechanism of conductive workpiece is well known
to involve melting and evaporation. However, the mechanism of the spark erosion of
semi-conductive non-metals workpieces such as polycrystalline diamond (PCD) and
chemical vapour deposited diamond (CVD), is yet to be investigated. There are many
publications reporting the success of shaping semi-conductive tool using spark ero-
sion method but none of them presents a thorough investigation of the actual erosion
process. For example Misaki et al. (Masaki et al. 2007) conducted experiments on fab-
rication of a spherical PCD grinding tools with a radius of 800µm for micro-grinding
of glass. Thoe et al. (Thoe et al. 1996b) examined the cutting edge quality of various
grades of PCD using spark erosion technology. His research shows that erosion of PCD
material with fine grain size results in higher material removal rate and better surface
roughness compared to PCD material with higher grain sizes. PCD with very coarse
grain ( > 50µm) is generally difficult to erode and after erosion, the tool usually suffers
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from major cracking of its PCD layer. Suzuki et al. (Suzuki et al. 2004) has conducted
various experiments to examine the ability to shape CVD diamond using spark erosion
technology. His results show that it is possible to erode electrical conductive CVD
diamond with high degree of accuracy in terms of tool geometry.
Although there are many papers published on spark erosion of PCD and CVD tools,
understanding of the material removal mechanism of diamond crystal from the work-
piece is critical for development of new technologies that improve the performance of
PCD or CVD tool fabrication process. As diamond has very good electrical insula-
tion properties, spark erosion of single crystal diamond is almost impossible. However,
PCD blanks normally contain of small percentage of metallic catalyst/solvent (cobalt)
which fills the gap between diamond crystals and helps to form an electrical conductive
network. In general, the removal mechanism of diamond grains from a PCD workpiece
during spark erosion process can be explained using two models. In the first model
the removal of diamond grain is directly due to melting or evaporation of the metallic
binder(Kozak et al. 1994). The second model is based on the hypothesis that the dia-
mond material is removed due to the high temperature of the plasma channel causing
micro-structural changes such as graphitisation (Zhang et al. 2013).
According to Kozak et al. (Kozak et al. 1994), removal of the diamond grain is due to
the great difference between thermal coefficients of linear expansion for diamond and
cobalt which are 14.2 × 10−6K−1 and 1.5 × 10−6K−1 to 4.8 × 10−6K−1 (Kozak et al.
1994). Such differences cause the cobalt to expand and force the diamond crystals to
separate when cobalt is heated to its melting temperature. At high temperatures, the
thermal stress of the cobalt is higher than its tensile strength causing the diamond
crystal to disloge and eventually separate from the workpiece due to the sudden drop
of pressure in the plasma channel after the current is switched off by the generator.
Kozak et al. (Kozak et al. 1994) confirmed their diamond removal model by analysing
the surface of eroded PCD using SEM imaging. The SEM images show many loose
diamond grains on the PCD surface after the cobalt material has been eroded. This
model confirms that the surface roughness and geometry accuracy of the eroded PCD
workpiece is highly dependent on the size of the diamond crystals.
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Figure 2.16: Raman spectra results of the eroded PCD tool obtained by Zhang et
al. (Zhang et al. 2013).
Aimed at fabricating high precision PCD tools, Zhang et al. (Zhang et al. 2013) inves-
tigated the effect of discharge energy on eroding 0.5µm grain size PCD. With the use
of very low discharge current (1A), they were able to get a very smooth surface finish
with no obvious craters that would be normally present and caused by dislodgement
of diamond crystals. Zhang et al. (Zhang et al. 2013) further investigated the removal
mechanism, showing that the removal of PCD material is caused by micro-structural
changes of diamond during discharging process. To confirm this hypothesis, a laser
micro-raman test was performed on the eroded PCD tool to analyse the composition
of material on the tool surface.
Figure 2.16 shows the results of the micro-Raman test conducted on the eroded PCD
tool surface obtained by Zhang (Zhang et al. 2013). The two peaks at 1580cm−1 and
1350cm−1, clearly confirm that the eroded surface of the PCD tool contains crystalline
graphite and micro-crystalline graphite, suggesting that diamond to graphite phase
transition takes place during sparking erosion process.
Considering the two different hypotheses regarding diamond removal mechanism (Kozak
et al. 1994, Zhang et al. 2013), the diamond graphitasion model (Zhang et al. 2013)
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seems to be closer to the actual removal mechanism for both roughing and finishing
spark erosion operations, due to the following considerations. Recently, Shin et al. (Shin
et al. 2004) and McJie et al. (McKie et al. 2013) have observed abnormal grain growth
during the high pressure and high temperature (HPTP) sintering of fine-grained PCD
tool. Their experiments show that in presence of a liquid phase (Co-melt), PCD grains
can grow up to several hundreds of micrometers from a 2 µm diamond powder. The
inter-growth of diamond grains disproved the diamond removal model suggested by
Kozak st al. (Kozak et al. 1994). According to that hypotheses, the wide range of
variations of crater sizes from 2 µm to several hundred micro-meters would be due to
the growth of diamond crystals during the sintering of PCD tool. The “loose” dia-
mond crystals discovered under SEM could have been only caused by the changes in
the micro-structure of the diamond during a continuous sparking process.
Molinari et al. (Molinari et al. 1990) conducted a series of experiments to investigate
the interaction of cobalt and diamond during hot pressing at 700− 800. The results
demonstrated formation of both graphite and cobalt on the surface of the diamond.
According to Molinari et al. (Molinari et al. 1990), diamond is a metastable phase of
carbon under low pressure. It can be easily transformed into graphite, a thermody-
namically stable state, when heated up to high temperatures. Surface graphitisation
of diamond is observed at temperature of 1000 K and it increases substantially with
the increase of temperature up to 2100 K, at which the bulk of diamond is completely
transformed into graphite.
The results of extensive experiments from different authors (Molinari et al. 1990, Savva-
timskiy 2005) have demonstrated that diamond crystals of a PCD can be transformed
into graphite during sparking process as the temperature in the plasma channel can
rise up to a range of 6, 000K to 10, 000 K within a few micro-seconds after the break-
down of the dielectric (Kojima et al. 2008a, Natsu et al. 2004). Surface graphitisation
of diamond would lead to further erosion of diamond as graphite has good conductiv-
ity (Savvatimskiy 2005). The graphite formed on the surface of the workpiece is flushed
out of the gap by the hydrodynamic pressure from the dielectric liquid. Figure 2.17
shows the schematic model for the removal mechanism of the diamond crystal caused
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Figure 2.17: Schematic models of PCD (a) Before graphitisation and (b) Dur-
ing graphitisation caused by high temperature of the plasma channel during the
sparking process.
by graphitisation during sparking process. Figure 2.17 shows the PCD material be-
fore graphitisation and the schematic on the right (b) shows the PCD material during
graphitisation.
2.4 Erosion Process Stability
Erosion process stability is one of the most important factors that determine the effi-
ciency and the performance of material removal process using spark erosion technology.
Due to its complex physics and stochastic nature, controlling and understanding of the
spark erosion process stability has been challenging. Many researchers have conducted
various experiments and numerical analyses to investigate the cause for spark erosion
instability (Bommeli et al. 1978, 1979b, Rajurkar and Pandit 1986, Schumacher 1990b,
Suda and Sata 1974, Yoshida and Kunieda 1998). Understanding of the cause of process
instability with spark erosion technology is crucial for designing effective monitoring
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and control strategies to mitigate or prevent this inefficient sparking problem. In the
following sections, the relationship between process stability and dielectric condition
and the discharge location will be reviewed from the literature.
2.4.1 Distribution of discharge location
As discussed in the previous section, spark erosion is a process that converts pulsed
electrical energy into thermal energy though the plasma channel that is created af-
ter the breakdown of a dielectric. In this plasma channel, continuous bombarding of
electrons or ions to the workpiece leads to high temperatures that are close to boiling
temperature of the material, causing the solid material to be transformed into liquid
of vapour state. This material melting and evaporation process happens in presence
of a small gap distance between a wheel electrode and a workpiece. The effective gap
distance typically ranges from 2 µm to 15 µm, depending on a number of factors such
as gap voltage, material properties, dielectric condition, etc. Failure to maintain the
gap distance at an effective length leads to none or less heat flux in the plasma channel
and thus results in none or less material removal from the workpiece (Cetin et al. 2004).
The nature of the spark erosion process mandates the breakdown of dielectric to oc-
cur at locations where the gap distance is the shortest. A gap width filled with clean
dielectric without contamination of debris is required to ensure the spark erosion sta-
bility. A clean dielectric allows continuous movement of discharge location on every
current pulse. This discharge location movement is essential to ensure good precision
of the tool geometry and continuous material removal of the workpiece (Cetin et al.
2004). The movement of the discharge location will stop if debris in the dielectric is
not removed completely from the gap, and causes spark concentration and localisation.
The subsequent sparks will tend to maintain at the same sparking location due to the
low breakdown strength of that location caused by debris contamination. In addition
to debris contamination, insufficient time for de-ionisation of the previous discharge
channel will also cause the subsequent dielectric breakdown to occur at or near the
previously ionised location.
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2.4.2 Spark mobility and the role of debris
When spark clustering begins, arc discharges start to take place and material removal
rate will be reduced. Continuous occurring of arc discharges will cause process instabil-
ity, and eventually short circuit pulses will occur across the gap. To avoid continuous
occurring of arc and localised discharges, a pulse control system is normally required
to automatically extend the pulse off time to allow extra time for the de-ionisation
of the plasma channel. In addition, it is desired that the gap width be increased as
quickly as practically possible so as to allow more efficient flushing of the contaminated
dielectric (Masuzawa et al. 1992, SHEU et al. 2001).
Ideally, a stable and efficient eroding process can be maintained by filling the discharge
gap with clean dielectric liquid, cooled and de-ionised (Masuzawa and Heuvelman 1983).
However, according to Masuzawa et al. (Masuzawa et al. 1992), a gap filled with clean
and cooled dielectric liquid causes lower material removal rate due to continuous oc-
curring of short circuit pulses. Similar experimental and analytical results were also
presented by Luo et al. (Luo 1997a). According to Luo et al. (Luo 1997a), the actions
taken by the control system such as increasing the spark gap for more efficient flush-
ing cannot effectively solve the arcing problem that causes process instability. This is
because a gap filled with very clean and fresh dielectric without any conductive debris
particles increases the strength of the dielectric and results in difficulty for the break-
down of the dielectric. Consequently, the gap control system will have to reduce the
spark gap distance for erosion to take place. As a result of a very small spark gap dis-
tance, more frequent short circuit pulses occur and the gap control system will rapidly
respond to these short circuit pulses by increasing the spark gap distance again and
eventually no or very few discharge pulses will take place, leading to a very unstable
spark discharge process. Consequently, the material removal efficiency will be dramat-
ically reduced.
According to Luo et al. (Luo 1997a), the absence of debris in the gap during sparking
process is one of the reasons for arcing and process instability. Debris should be in-
troduced to improve the process stability and to maintain a larger spark gap distance.
Figure 2.18 shows how debris in dielectric reduce the dielectric breakdown strength
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Figure 2.18: Existence of debris in dielectric allows large gap width for spark
discharge.
and as a result, a larger spark gap distance can be achieved and process stability is
improved. The two conflicting theories presented by researchers in spark erosion for
the role of debris, both suggested that arcing and process instability problems are due
to the lack of spark mobility in the gap.
In a paper published in 1998 by Luo et al. (Luo 1998b), the following important factors
that can affect the strength of spark mobility were pointed out:
 workpiece surface roughness;
 discharge gap size;
 breakdown strength of the dielectric;
 plasma channel de-ionisation time; and
 debris particle concentration and distribution in the gap.
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Based on current understanding of the material removal mechanism in spark erosion
process, every single spark creates a crater on the surface of the workpiece. The sub-
sequent spark discharges tend to spark at the peak of the workpiece surface where
breakdown strength is the weakest. Higher spark mobility can be achieved if the the
distance between the peak and the valley of the eroded surface is large. In summary,
in order to ensure lowest possible spark concentration during the erosion process, the
dielectric in the gap should not be too clean or too contaminated, sufficient time must
be allowed for plasma channel to completely de-ionise and the debris particles should
be widely distributed and not clustered in a single spot in the gap.
Kunieda and Nakashima (Kunieda and Nakashima 1998) conducted a series of experi-
ments to investigate the influence of debris particles on discharge location. They placed
a debris particle with a diameter of 5 µm in a gap of 20 µm between two electrodes
as shown in Figure 2.19. Based on the spark discharge theory, dielectric breakdown
should occur at the location having the shortest gap distance. In this case, the spark
discharge should be initiated at the spot where the debris is situated. However, Ku-
nieda and Nakashima (Kunieda and Nakashima 1998) found that most of the time,
the spark discharge does not occur at the spot where the debris was located. They
concluded that spark discharge is a stochastic phenomenon rather than deterministic
and the sparking location is a random variable. The probability of discharge at the
locations without debris particle is higher because the surface area without the debris
particle is larger than the surface area with debris particle. These findings do not con-
tradict with the spark discharge theory. In the actual sparking process, there exist a lot
of debris particles (rather than a single debris particle). Hence, the surface area of the
debris particles will be higher and the probability of dielectric breakdown initiated at
a shorter gap width is still higher than at a larger gap distance without debris particles.
The role of debris particles is further confirmed by the improvement observed in spark-
ing process performance after the application of powder mixed dielectric. Many pre-
sented results show that with the addition of conductive powder in the dielectric liquid,
a more stable erosion process can be achieved, leading to improved material removal
rate and surface finish quality of the workpiece (Batish et al. 2012, Pecas and Henriques
2008, Yeo et al. 2007). It is understood that the addition of conductive powder helps to
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Figure 2.19: Schematics of the experiments conducted by Kunieda and
Nakashima (Kunieda and Nakashima 1998) to study the influence of debris on
the location of dielectric breakdown.
reduce the breakdown strength of the dielectric so as to maintain a larger gap distance
and more evenly distributed conductive particles (including debris). This increases the
gap spark mobility and thus results in a stable erosion process.
Conventional gap control systems quickly increase the gap distance as soon as arcing
or irregular pulses are detected during erosion process (Cetin et al. 2003, Chang 2002a,
Kunieda and Nakashima 1998). This allows clean and fresh dielectric to be injected into
the gap and debris particles be removed from the gap. Erosion process instability and
low material removal rate are the effects of the absence of the debris particles in the gap.
In summary, a certain density of debris particles is necessary to improve spark mobility
and erosion efficiency. A new spark erosion control system can be designed based on
this understanding to solve erosion process instability problem that greatly affects the
quality of the produced workpiece and the material removal efficiency. Such a control
system should be capable of accurately detecting the condition of the spark gap, and
take appropriate actions to regulate the optimum gap distance and density of the debris
in the gap and ensure maximum material removal rate is achieved.
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2.5 Spark Gap Status Detection
As discussed previously, the material removal mechanism with spark erosion process in-
volves complex, stochastic and time-varying phenomena. Besides, spark erosion process
changes dramatically with machining conditions such as workpiece material, dielectric
fluid conductivity, spark erosion area, etc. Due to its stochastic and time-varying
nature, spark gap monitoring has been an interesting and challenging topic to many re-
searchers (Altpeter and Perez 2004, Hsue and Chung 2009, Kang and Fu 2006, Rajurkar
et al. 1989, Wang and Rajurkar 1992). Various intelligent routines have been developed
to monitor the condition of the spark gap during erosion in real-time. Effectiveness of
the gap monitoring strategy used, is an important factor in performance of the spark
erosion system and the resulting performance of the sparking process. Therefore, many
researchers and experts in spark erosion technology have proposed various methods and
strategies for on-line and off-line gap monitoring (Altpeter and Perez 2004, Hsue and
Chung 2009, Kang and Fu 2006, Rajurkar et al. 1989, Wang and Rajurkar 1992).
It is noted that while most published gap monitoring methods are based on mea-
sured gap voltage and gap current (Tarng et al. 1997, Zhiyun and Shih-Fu 2003), some
researchers suggested to use the intensity of the radio signals emitted during spark
erosion process for gap monitoring (Bhattacharyya and El-Menshawy 1978, Rajurkar
and Royo 1989). However, due to the complexity of the spark discharge mechanism
and its stochastic nature, the radio frequency (RF) waves generated during discharge
process contain very high levels of noise that is difficult to remove even with advanced
signal processing techniques. As a result, monitoring of the gap condition using radio
frequency method is not appropriate for high performance spark erosion machine.
According to Hsue and Chung (Hsue and Chung 2009), four types of discharge pulses
can be detected by the pulse discrimination technique embedded in the pulse controller
of an EDM machine. These pulse types are shown in Figure 2.20 and described as
follows.
 Normal discharge pulses. The most desirable class of pulse is called spark pulses
or normal discharge pulses. With these pulses, the gap voltage includes a delay
time before current starts flowing through the gap. This delay time is normally
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Figure 2.20: Four different types of voltage and current pulses that may appears
during a spark erosion process (Hsue and Chung 2009).
called as ignition delay time (Td) . Ignition delay time is the time required for
the breakdown of the dielectric before allowing the electrons to flow though the
spark gap.
 Short circuit discharge pulses. Short circuit pulses occur when the gap voltage
drops to zero while gap current remains at a typical short circuit value. It can
also occur if no action is taken to prevent continuous spark clustering at the same
location. Continuous occurring of short circuit pulses will dramatically increase
the wear rate of the electrode wheel, leading to reduction in material removal
rate and poor quality workpiece. In addition, such pulses may be the result of
the electrode being physically contacted by the workpiece. Immediate action
is required from the control system to recover from continuous short circuit, as
physical contact of wheel and workpiece will cause damage to the workpiece and
the machine.
 Open circuit pulses. Open circuit pulses occur when the gap between the electrode
and workpiece is not sufficiently small to form a plasma channel. It has the longest
ignition delay time among the other types of discharge pulses. During the ignition
delay time period, the discharge energy is stored as no discharge happens, and
consequently no sparking takes place. It is classified as inefficient pulse because
no material is removed with this type of pulse
46
2.5 Spark Gap Status Detection
 Arcing discharge pulses. Arcing discharge pulses are formed when the gap dielec-
tric is highly contaminated or debris in the gap is not evenly distributed across
the gap. This promotes the subsequent discharge to occur at the same location,
forming a relatively deep crater before moving to another region. When spark
clustering is initiated, the debris content at the location of clustering will slowly
builds-up and eventually form a bridge between the electrode and the workpiece.
In general, an arcing discharge pulse has a very short or zero ignition delay time as
the breakdown of the dielectric strength can be easily achieved with high density
of debris particles in the spark gap. As a result, it will produce a lower voltage
level after the breakdown has achieved.
2.5.1 Frequency spectrum methods for discharge voltage monitoring
There are many methods reported in literature for classifying arcing pulses for EDM (Alt-
peter and Perez 2004, Hsue and Chung 2009, Kang and Fu 2006, Rajurkar et al. 1989,
Wang and Rajurkar 1992). One of the methods which was patented by Asai et al. (Asai
et al. 2007), uses the frequency components of the gap voltage signal after dielectric
breakdown to distinguish a normal spark discharge pulse from an arcing pulse. Ac-
cording to Asai et al (Asai et al. 2007), this pulse classification task is accomplished
with the design of various high speed analogue circuitry. An analogue high pass filter
is used to detect only the high frequency components of the gap voltage signal during
spark discharge. This signal is then rectified to a desired voltage level by a rectifier
which is then passed to a low pass filter to remove the noise incorporated in the signal.
It is then fed into an integrator and the final voltage level is compared with a reference
voltage using a high speed analogue comparator. Figure 2.21 shows examples of out-
put signals for various types of discharge pulses. The discharge pulse is considered as
efficient spark discharge pulse when the voltage level of the integrated high frequency
component is above the reference voltage threshold, otherwise, it will be classified as
inefficient arc discharge pulse. This method was designed based on the assumption
that the conductivity of the eroding workpiece is very high. Thus it is not suitable
for eroding of semi-conductive workpieces such as polycrystalline diamond (PCD) and
chemical vapour deposited diamond (CVD) as high frequency components do not exist
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Figure 2.21: High frequency components of different types of pulses based on the
method developed by Asai et al (Asai et al. 2007).
for both efficient spark discharge pulses and harmful arcing discharge pulses.
2.5.2 Fuzzy logic pulse discrimination methods
Due to the stochastic nature of the erosion process and high level of vagueness and
uncertainties that are incorporate in the gap voltage and gap current, some researchers
have proposed fuzzy logic-based methods for gap monitoring and pulse classification (Tarng
and Jang 1996, Tarng et al. 1997, Zhiyun and Shih-Fu 2003). In the fuzzy pulse discrim-
ination methods (FPD), the gap voltage and gap current signals are processed using the
theory of fuzzy sets as presented by Zadeh. (Zadeh 1965), and the pulse classification
is based on the a list of fuzzy rules acquired from the knowledge of a designer.
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According to the method presented by Zhou et al. (Zhou et al. 2008), the spark discharge
pulses are classified into six categories, namely, spark pulse, trans arc pulse, stable arc
pulse, short pulse, open circuit pulse and off pulse. Spark, transient arc, stable arc and
short pulses are discriminated from open and off pulse by looking at the level of the
feedback gap current. The discharge pulses (transient arc, stable arc, spark and short
pulse) are detected by comparing the discharge gap voltage with various pre-set voltage
thresholds. These comparisons take place via many trapezoidal membership functions
used to fuzzify the input gap voltage and gap current. Each pulse discrimination fuzzy
rule is set based on its comparison criteria of different fuzzy sets. The output of the
fuzzy rules are then defuzzified into different pulse types using triangular membership
functions as shown in Figure 2.22. Although EDM pulse discrimination methods using
FPD are very effective for off-line processing of the saved gap voltage and current data,
they may not meet the memory and computational requirements for real-time process-
ing. Due to their complexity, they maybe too computationally and memory expensive to
implement on common types of programmable integrated circuits used in spark erosion
machine. Consequently, these methods have not been widely embraced by the industry.
2.5.3 Ignition delay time monitoring methods
Methods based on ignition delay time analysis have been widely used in EDM industry
for gap conditions monitoring (Zhou et al. 2008). Most of those methods are mainly
based on monitoring of the duration of the ignition delay time to differentiate between
efficient and harmful pulses (Janardhan and Samuel 2010, Kao et al. 2008, Yeo et al.
2009). As it was previously noted, ignition delay time, denoted by Td, is the time be-
tween the moment the open circuit voltage is supplied from the generator to the time
when the breakdown of the dielectric liquid happens. According to Kao et al. (Kao
et al. 2008), an efficient spark pulse usually has a relatively long Td to allow time for
the propagation of a streamer before the breakdown of the dielectric. Harmful pulses
such as arc and short circuit pulses have relatively short Td times because accumulation
of debris in the gap from previous discharges forms a bridge across the gap that allows
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Figure 2.22: The triangular membership functions of the FPD output as used by
Zhou et al. (Zhou et al. 2008).
current to pass through without the breakdown of the dielectric.
Yeo et al. (Yeo et al. 2009) use a similar method to distinguish between arcing pulse
and efficient spark pulse. In this method, instead of using gap voltage to determine the
duration of ignition delay time, gap current is used as input signal for discrimination.
In their method, they fixed the acquisition time windows to be equal to the sum of the
pulse on time and the pulse off time. They classified arcing discharges by determining
the number of current pulses within the fixed time window. Arc and short circuit pulses
are detected if there are many current pulses in the fixed time window. According to
Yeo et al. (Yeo et al. 2009), in cases where only efficient spark discharge pulses occur,
there is only one current discharge pulse during the fixed time window. In the case
where there is no current pulse in a monitoring loop cycle, then the discharge pulse
is classified as a harmful short circuit pulse. They also categorised efficient discharge
pulses into two different types of pulses namely, normal discharge and delayed discharge
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pulses by calculating the discharge pulse peak current. A good discharge pulse will be
classified as normal discharge pulse if its peak current is less than 80 % of the maximum
peak current or else it will be classified as delay discharge pulse.
Pseudocode 1 shows the algorithm of pulse discrimination as presented by Yeo et
al. (Yeo et al. 2009) for gap monitoring of micro-EDM. The methods presented by
Yeo et al. (Yeo et al. 2009) and others are applicable for resistor capacitor (RC) type
power generators but not suitable for modern generators that use MOSFETs for high
speed switching. This is because modern power generators give very high gradient in
the rising edge of the gap voltage and high level of open circuit voltage to accelerate
the breakdown of the dielectric. As a result of faster dielectric breakdown speed, the
ignition delay times are normally very short with this type of power generators even
if the gap is not contaminated with high density of debris. Therefore, the pulse dis-
crimination techniques which are based on ignition delay time will dramatically reduce
the performance of the spark erosion process, as many efficient discharge pulses will be
wrongly detected as harmful arcing pulses. This shows the need for the design of an
efficient and effective gap monitoring strategy which is suitable for modern generator
technology with rotating electrodes.
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Algorithm 1 Pseudocode for pulse discrimination method presented by Yeo et al. (Yeo
et al. 2009).
Inputs Paramters: Open circuit voltage Vo and maximum peak current Imax
1: k ← 1;
2: Read gap voltage V (k)
3: SND(k)← 0; SAD(k)← 0; SSC(k)← 0; SOC(k)← 0; SDD(k)← 0
4: if V (k) > Vo then
5: SOC(k)← 1; . Open Circuit pulse detected.
6: else
7: Read number of current pulse N(k)
8: end if
9: if N(k) < 1 then
10: SSC(k)← 1; . Short circuit pulse detected.
11: else if N(k) > 1 then
12: SAD(k)← 1; . Arcing discharge pulse detected.
13: else
14: Read peak current Ip(k)
15: end if
16: if Ip(k) < (0.8 ∗ Imax) then
17: SDD(k)← 1; . Delay discharge pulse detected.
18: else
19: SND(k)← 1; . Normal discharge pulse detected.
20: end if
21: k = k + 1;
22: Go to Step 2
Outputs: Pulse trains SND(k), SAD(k), SSC(k),SDD(k) and SOC(k).
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Most modern spark erosion machines are equipped with a gap controller to control
the inter-electrode spark gap distance for stable erosion process. Indeed, due to its
stochastic and time-varying nature, detection and control of the spark gap has been an
interesting and challenging topic to many researchers (Huang et al. 2012, Junkar and
Valentincic 1999, Kao and Shih 2008, Snoeys et al. 1980, Wang et al. 1995). Various
control algorithms have been developed to effectively control the spark gap distance in
real-time during erosion process. The performance of the spark gap control system is
vital for ensuring a stable and efficient erosion process. Therefore, many researchers
and experts in spark erosion technology have proposed many methods and strategies for
on-line and off-line monitoring and control of the spark gap distance (Boccadoro and
Dauw 1995, Chang 2002b, Liao and Woo 2000, Muthuramalingam et al. 2013, Weck
and Dehmer 1992a).
The spark erosion process operates in highly dynamic and uncertain environments and
experiences fast changes in the condition of the spark gap. Short circuit and arcing
spark gap conditions have negative impacts on the eroded tool quality and can reduce
the efficiency of the spark erosion process. A common strategy to avoid unstable spark
erosion process is based on the following spark gap control policy. Generally, as the
frequency of the harmful pulses increases (e.g. short circuit or arcing), the spark gap
controller would pull the tool away from the electrode wheel as fast as possible, so that
the tool is not in contact with the rotating wheel and the contaminated dielectric in the
spark gap that bridge the inter-electrode gap distance can be flushed away with fresh
dielectric. On the other hand, whenever the frequency of the discharge pulses reduces,
the spark gap controller is designed to increase the speed of feeding the tool towards
the rotating electrode. In order to achieve a stable and efficient erosion process, robust
detection of the spark gap condition is necessary for the spark gap controller to effec-
tively control the spark gap distance for optimum spark erosion process.
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2.6.1 Average gap voltage
Robust detection of the spark gap condition for controlling of the spark gap distance
has been a challenging task widely studied by the researchers. One of the most widely
used methods for controlling the inter-electrode spark gap distance is by measuring the
average gap voltage feedback signal from an analogue low pass filter (Kao and Shih
2008, Luo 1997b).
The average gap voltage signal is read into a CNC by an analogue to digital converter
(ADC). This signal is then compared with a reference value for calculating an error
value. This error value is then passed into a piece-vise linear curve for calculating
the required feedrate command. It is noted that, due to the non linearity of the
erosion process, multiple linear gains are utilised in this control system for ensuring its
performance in various conditions. The machine drives will move the axes according
to the commanded feedrate.
2.6.2 Ignition delay time
Anther method that was proposed is to use the percentage of the ignition delay time for
detecting the spark gap distance (Furlan and Balemi 2012a, Weck and Dehmer 1992b).
According to Chang and Liao (Chang and Liao 2003), the percentage of ignition delay
time is calculated as follows:
Td% =
Td
Ton
× 100% (2.1)
where,
Td%: Percentage of ignition delay time.
Td : Ignition delay time.
Ton: Pulse on time of the discharge pulse.
According to Chang and Liao (Chang and Liao 2003), the percentage of ignition delay
time is used as an indicator to determine the rate of erosion during spark discharges. A
small percentage of ignition delay time will indicate a high erosion rate whereas, a high
percentage of ignition delay time will indicate a lower discharge pulse rate occurring
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across the spark gap. The percentage of ignition delay time increases when the spark
gap distance is relatively large. This is because extra time is required for the breakdown
of the dielectric, when a constant open circuit voltage is applied across a large spark
gap distance. The percentage of ignition delay time saturates at 100% when the tool
is very far away from the electrode wheel and no spark discharge occurs in the spark
gap. A small spark gap distance gives a low percentage of ignition delay time which
drops to zero when the tool is physically touched with th electrode wheel. A spark
gap controller maintains the percentage of the ignition delay time at a desirable level
by adjusting the speed of the tool that is being fed towards the rotating electrode wheel.
2.6.3 Abnormal ratio
Another method that was proposed to detect the condition of the spark gap is by cal-
culating the abnormal ratio (Liao et al. 1997). This method that was proposed by
Liao et.al (Liao et al. 1997) is designed to prevent wire breakage during erosion process
in a wire EDM (WEDM) type spark erosion machine. Based on their observations,
wire rupture is due to the increase in the abnormal pulse ratio during erosion process.
Abnormal pulse ratio defined as the sum of two ratios: arcing pulse ratio and the short
circuit pulse ratio. They discovered many different craters on the surface of the rup-
tured wire and some composition of the workpiece material is adhered to the surface
of the wire electrode. This is because before the wire is ruptured, the condition of the
spark gap is fully contaminated with debris particles or the wire electrode is physically
in contact with the workpiece material, resulting in higher ratio of abnormal pulse.
Indeed, when the abnormal pulse ratio increases, the debris particles in the spark gap
are not flushed away effectively by the dielectric and they can be remelted and recast to
the surface of the wire electrode. In addition, when the spark gap is too narrow, a high
percentage of thermal energy is absorbed by the wire electrode, resulting in material
removal taking place on the surface of the wire electrode. Since the tension of the wire
electrode is fixed during erosion process, the tensile stress of the wire electrode increases
dramatically with the reduction of the diameter of the wire electrode and consequently,
wire rupture takes place.
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From the results in [9], the cut-off frequency of the
second-order low-pass digital Butterworth filter is 0.012
times one half of sampling frequency of the original data,
and the compensated step size of the grey predictor is 37
steps and these parameters are adopted in this paper. The
compensated data, shown in Fig. 5, has good synchronism
with the progression of the original signal.
3.3 Gain self-tuning fuzzy controller
In order to improve the machining efficiency under
different machining conditions, a gain self-tuning fuzzy
controller is used. Figure 6 is the configuration of the self-
tuning fuzzy inference with grey prediction control system,
in which the Rab is taken as controlled variable to represent
the gap state. In order to keep the Rab at a pre-defined level,
the inputs to the controller including the error e and the
change of error ce, are described as follows:
e kð Þ ¼ Rabð Þref  Rabð Þp kð Þ
ce kð Þ ¼ Rabð Þp k  1ð Þ  Rabð Þp kð Þ
E ¼ e kð Þ  Ge ð2aÞ
CE ¼ ce kð Þ  Gce ð2bÞ
Where (Rab)ref is the reference for the abnormal ratio,
(Rab)f is the abnormal ratio processed by the low-pass filter
from the original Rab, and (Rab)p is the abnormal ratio
compensated by the grey predictor from the (Rab)f. Ge and
Gce are input scaling factors and in our cases their values
are Ge=5 and Gce=40, respectively.
E and CE in Eq. (2a,b) are corresponding fuzzy
variables. Each fuzzy variable is quantified into seven term
sets: NB-Negative Big, NM-Negative Medium, NS-Nega-
tive Small, ZE-Zero, PS-Positive Small, PM-Positive
Medium, and PB-Positive Big. The triangular membership
functions for each fuzzy term set and the universes of
discourse for each fuzzy variable, including input and
output variable, are shown in Fig. 7.
As Lee [15] pointed out, the rule bases of fuzzy
inference can be derived from a dynamic system response.
A typical response of the Rab in WEDM process is shown
in Fig. 8, where the dash line denotes the pre-defined
reference. At the point a, the Rab error, E, is PB and the
change of the Rab, CE, is ZE, which means that the current
gap state is very secure, or more conservative, and
moreover remains unchanged. Hence the change of control
action dU, the arc off-time, should be significantly reduced
to improve the machining speed. This linguistic control
strategy can be described in fuzzy inference, as
IF E is PB and CE is ZE, THEN dU is NB
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Figure 2.23: Fuzzy logic control system proposed by Lee and Liao (Lee and Liao
2007)
In order to prevent wire rupture during the spark erosion process, the condition of the
spark gap needs to be properly controlled. Lee and Liao (Lee and Liao 2007) have
suggested to use a self-tuning fuzzy logic algorithm with grey predictor for controlling
the condition of the spark gap with the aim of preventing wire rupture during erosion.
Figure 2.23 illustrates the fuzzy logic control system block diagram that was proposed
by Lee and Liao (Lee and Liao 2007). Fuzzy logic control is a method that is widely
used by researchers in a control system for a spark erosion machine (Boccadoro and
Dauw 1995, Kao and Shih 2008, Lee and Liao 2007, Liao and Woo 2000, Yan and Liao
1998). As shown in Figure 2.23, Lee and Liao used abnormal ratio (Rab) as feedback
signal for detecting the condition of the spark gap. The aim of the control system is
to maintain the abnormal ratio at a reference level (Rabref ) which is predefined by the
operator by control the feeding rate of the workpiece towards the wire electrode.
2.7 Conclusion
Many researchers have conducted various experiments and numerical analyses to in-
vestigate the cause for spark erosion instability. Spark gap monitoring has been an
interesting and challenging topic to many researchers. Various intelligent routines have
been developed to monitor the condition of the spark gap during erosion in real-time.
Some of these methods are applicable for resistor capacitor (RC) type power generators
but not suitable for modern generators that use MOSFETs for high speed switching. As
a result, these methods will dramatically reduce the performance of the spark erosion
process, as many efficient discharge pulses will be wrongly detected as harmful arcing
56
2.7 Conclusion
pulses.
The performance of the spark gap control system is also another important factor for
ensuring a stable and efficient erosion process. Many researchers and experts in spark
erosion technology have proposed many methods and strategies for on-line and off-line
monitoring and control of the spark gap distance. These methods are aimed for plunge
type spark erosion system whereby its electrode is not rotating and the erosion area is
constant. These methods are not suitable for a complex 5-axis spark erosion machine
with rotating electrode whereby its erosion area is constantly changing. This shows the
need for the design of an efficient and effective gap monitoring and control strategies
which are suitable for modern generator technology with rotating electrodes.
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3.1 Introduction
As discussed in Chapter 2, in any spark erosion system in order to achieve a high quality
PCD tool with good process efficiency, it is essential to understand the effect of erosion
process stability and its effect to the eroded PCD tool quality. The aim of this chapter
is to setup and conduct various experimental investigations to find the relationship of
the important factors that can have impact to the eroded PCD tool quality and also
process stability. The experimental results discovered in these experiments can also
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ANCA 5DX, Core 2 Duo, min. 3GB RAM, 15” Screen
Mechanical axes
Position feedback resolution
X, Y & Z-axis 0.0001 mm (0.0000039”)
C & A-axis  0.0001 deg
Programming resolution
X, Y & Z-axis  0.001 mm (0.000039”)
C & A-axis  0.001 deg
Travel
X-axis 435 mm (17.1”)
Y-axis 457 mm (18”)
Z-axis 275 mm (10.8”)
C-axis 320 deg
A-axis 360 deg
Software axes (patented)
B, V, U, W,
Work piece
Maximum tool diam. Ø220 mm (8.66”) 
Maximum tool weight 20 kg (44 lbs)
Drive system
ANCA Digital (SERCOS standard) / Linear axes direct-drive 
ballscrew / Rotary axes direct drive
Machine data
Grinding spindle Bi-directional direct drive
 3.7kW/5HP (S1)
 8kW/10HP (peak)
 10,000 RPM
 HSK40F taper
Grinding wheel  Max Ø202mm (8”)
Wheel bore Ø31.75 mm (1 ¼”), 32mm and 20mm
Two wheel packs Max 4 wheels each
Other data
Electrical power   15KVA (including coolant system)
Probe system Renishaw
Coolant system External
Machine base ANCAcrete (Polymer concrete)
Colour RAL 7035 / RAL 5014
Weight Approximately 4500 kg
Floor plan Width: 2075 mm (82”)
 Depth: 1450 mm (57”)
 Height: 1990 mm (78”)
ANCA reserves the right to alter or amend  
specifications without prior notice
1990 1275
2075 580
175
305
1275
2075 580
175
305
Technical specifications
Figure 3.1: Specification of a 5 axis CNC controlled machine.
shed light on the requirements of an intelligent spark erosion control system that is
suitable for 5 axes spark erosion system with rotating electrode.
3.2 EDG Machine
The EDG machine that was used for the experiments in this thesis is a CNC controlled
machine with five moving axes, called X,Y,Z,A and C axes as shown in Figure 3.1.
During the erosion operation, the tool is fitted on A-axis while the rotating wheel elec-
trode is mounted on a spindle that is attached to C-axis.
These five axes are controlled by individual drives following the position command re-
ceived from the CNC with an update rate of 1 sample per 4 ms. There are peripheral
devices for this system such as a coolant system for supplying dielectric and coolant to
the machine, a PLC and a human machine interface for handling interactions between
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High Voltage Pulses
Machine (Drives & Axis)
Machine 
axes
Axis
 DrivesPosition Command
Feedback Command
Gap Length
Spark Erosion 
Generator
CNC
Spark Erosion 
Gap
Feedback 
Signals
Figure 3.2: A block diagram of the EDG system.
the machine and an operator. Compared to a normal grinding machine, an EDG system
requires a spark erosion generator for supplying the voltage and current for its erosion
process. This generator includes a power module and a controller for controlling the
pulse and the spark gap as detailed in the following section.
3.2.1 Power module
The block diagram shown in Figure 3.2, illustrates an overview of the EDG spark ero-
sion system. It consists of five main blocks in this prototype EDG spark erosion system,
namely a computer numerical control (CNC), a machine with drives and axes, a spark
erosion generator, a spark erosion gap, and a signal conditioning block with voltage
and current sensors. The spark erosion generator is one of the most important parts
of any spark erosion system, which is also the focus of the research work conducted in
this thesis.
The spark erosion generator, commonly consists of a power module and a spark erosion
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controller (SEC). The power module is designed to deliver rectangular current pulses
across the spark erosion gap, with their amplitude and duration being controlled by the
SEC. The SEC is the core of the spark erosion system and has the following components:
 Discharge controller → reads voltage and current feedback signals from a signal
conditioner and controls the current amplitude and duration by sending switching
commands to the power module.
 Spark gap controller → calculates average gap voltage based on the received
instantaneous voltage and works out the required machine feedrate, then sends
this feedrate command to the CNC through a cyclic data. As a result, movements
of the multiple machine axes are synchronised at the desired feedrate.
The first and still widely used power module system designed by Lazarenko in 1970,
was a basic RC circuit relaxation type power module (Jahan et al. 2010, Son et al.
2007, Wong et al. 2003). In this type of power module, a DC voltage source is used to
charge a capacitor through a resistor. When the capacitor is charged, and the spark
gap is sufficiently narrow, a spark discharge occurs leading the capacitor to discharge
through the gap. The charging times are characterized by τ = RC, where R is the value
of the resistor and C is the capacitor value. The charge and discharge time and the
frequency can be controlled by changing the resistor and capacitor values. Although
this design is simple and cheap, it is not suitable for high performance spark erosion
systems due to number of disadvantages including: (1) High electrode wear due to the
presence of negative current overshoot after the discharge phase (2) High discharge fre-
quency cannot be achieved due to the time required for charging the capacitor (3) The
pulse interval can not be easily controlled which could lead to thermal damage if the
dielectric strength is not recovered (4) Long rise time in the voltage before discharges
due to the time required for charging the capacitor (Han et al. 2007, Liu et al. 2010,
Sen et al. 2003b).
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Figure 3.3: A block diagram of the power module.
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Given the observations and understanding of many disadvantages of RC type power
module systems, a static type power module system is employed in our experiments
which is shown in Figure 3.3. As illustrated in this figure, there are a number of compo-
nents in our design. The first part is a MOSFET power board, it containing a number
of MOSFETs used to control the switching of the voltage supplied to the spark gap
based on the switching command from the pulse controller.
Another part is a resistor bank that contains a series of resistors for limiting the peak
current that flows though the spark gap. The third part is the relay and rectification
card for converting the 3 phase AC voltage from the main to a constant DC power
supply. Each resistor is connected with a relay. The peak current value in the spark
gap is controlled by configuring the required resistors circuit through these relays. For
example, if 8A and 2A relays are activated, a peak current of 10A can be achieved in
the spark gap.
Two contactors are connected after the MOSFET board for changing the direction of
the current that flows through the gap. For example, negative contactor is activated.
3.2.2 Spark Gap controller
As discussed in Chapter 2, in spark erosion technology material removal can only occur
with the formation of spark discharges which require the breakdown of the dielectric
within a very small gap distance in a range of 3 µm to 10 µm between an electrode
and workpiece. A gap distance smaller than 3 µm increases the risk of short circuit
occurring between the wheel electrode and the workpiece. This short circuit condition
causes current to pass though the wheel and the workpiece without formation of the
spark discharge. As a result of spark discharge failure, localised heat cannot be gen-
erated, thus no material is removed. On the other hand, if a gap distance is larger
than 10 µm, the dielectric breakdown cannot take place and current will not be able to
pass through the gap. As a result, no material will be removed. In order to generate
continuous sparking for efficient material removal, the gap distance between the wheel
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electrode and the workpiece needs to be controlled.
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Figure 3.4: A gap controller architecture that is commonly used by the industry.
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Figure 3.4 shows the architecture of a gap control system that is widely used in many
commercial spark erosion machines as we discussed in Chapter 1. In order to get our
experiments started, this control system is adopted for spark gap distance control. The
gap controller is comprised of three major components: (1) computer numerical con-
trol (CNC) (2) generator and (3) machine drives and axes. The CNC receives average
voltage feedback signal from the generator and works out the position and velocity
commands for the machine servo system so that the servomotor will drive the machine
axes accordingly.
As shown in Figure 3.4, for the sake of simplicity, we used a Tektronix isolated voltage
probe (model no: P5200A) as a measurement device for measuring the voltage differ-
ence between the electrode wheel and the workpiece. This isolated voltage probe is
capable of measuring a signal up to 1000 V with an attenuation of 500X. It also has a
very high voltage measurement bandwidth of 50 MHz.
3.2.3 Machine setup
The electrode wheel, workpiece, and dielectric pipe setup are shown in Figure 3.5. We
used a 120 mm diameter electrode wheel made of 70 % tungsten and 30 % copper.
During erosion, this electrode wheel rotates at a speed set by the operator. The rota-
tional speed of this wheel electrode can be adjusted within a range from 250 rpm to
1000 rpm. Recall that during spark discharge, material removal occurs on both the
electrode and the workpiece. As a result of material removal on the electrode, excessive
wear can occur on the electrode after a long period of erosion (Tsai and Masuzawa
2004). The geometry accuracy of the produced tools will be greatly reduced with the
use of a worn electrode. Unlike the common plunge type EDM machine, a badly worn
electrode will need to be replaced so as to maintain the precision of produced tools. In
our EDG spark erosion system, we designed a dressing system so that the electrode can
be dressed in the machine to remove the worn part of the electrode without replacing it
with a new electrode wheel. The term dressing is normally used to describe the process
of cleaning the front, periphery and back of the wheel. After dressing of the electrode,
the shape of the electrode wheel can be maintained with a smooth surface that has no
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grooves and run-out, thus tools with accurate geometry can be produced. The wheel
dressing system allows us to dress the wheel after each experiment is conducted. This
is to ensure that the condition of the wheel electrode does not have any impact on our
experimental results.
As discussed previously, in a spark erosion machine, flushing of the dielectric liquid
through the spark gap should remove the debris particles during spark erosion process
and maintain the dielectric temperature below its flash point. Improper flushing of the
dielectric results in an increase of fire risk, poor surface finish and reduction of material
removal rate due to unstable sparking process caused by high concentration of debris
in the gap. Therefore the dielectric pipe’s setup is an important exercise that needs
to be properly conducted before starting any spark erosion process to ensure proper
flushing can be achieved. As suggested by Wong et al. (Wong et al. 1995), there are
three methods of flushing for EDM, namely open flushing, pressure flushing and suction
flushing. Due to the configuration of our machine, we use the open flushing method as
shown in Figure 3.5 for our experimental investigation. With open flushing sufficient
volume of dielectric is delivered to the spark gap to ensure the dielectric temperature
at the spark gap can remain below its flash point.
3.2.4 Tool setup
PCD drill blanks are used in experiments detailed in this chapter. These PCD drill
blanks are manufactured using the PCD-veined drill manufacturing process as discussed
in Chapter 1, which are one of the most commonly used types of tools in aerospace
industry. Figure 3.6 shows an end view of a PCD drill blank that was used in these
experiments. It is made of a standard carbide blank with diamond sintered along the
cutting edge of the tool. With reference to Figure 3.6, the darker part represents the
sintered polycrystalline diamond (PCD), whereas the lighter parts are the tungsten
carbide (WC) body of the tool.
The removal of tungsten carbide material using spark erosion technology is normally a
lot slower than the removal rate achieved in traditional abrasive grinding. With this
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Electrode Wheel
Tool / Workpiece
Dielectric Pipes
Spark Gap
Figure 3.5: Setup of the tool and dielectric pipes.
PCD
WC
Pre-Erosion PCD Blank
Figure 3.6: A PCD drill blank before erosion.
understanding, we used abrasive grinding method for removing the material on the
fluting of these tools, as fluting area contains about 99 % of WC material. By using
this method, the cycle time for fluting operation of these tools is greatly reduced.
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Electrode Wheel
Feeding Direction
PCD Drill
Figure 3.7: The trajectory of PCD erosion.
These PCD drill blanks will be ready for spark erosion once they have been fluted with
the abrasive grinding method. As shown in Figure 3.7, we used EDG plunge method
for eroding the tip of the PCD tool. During erosion process, the tool is moved by the
machine axis towards the electrode wheel in a single direction. The in-feed parameter
is used to define the distance required for the tool to move towards the electrode wheel
after the spark is started. This in-feed parameter will also determine the volume of
the material being removed in a single cycle. A longer cycle time can be realised with
higher in-feed value due to higher volume of material to be removed by spark erosion.
A 200 µm of in-feed was used for all the experiments conducted in this chapter.
It should be noted that the tip of the tool contains both tungsten carbide and poly-
crystalline diamond materials. As a result, both materials need to be removed simul-
taneously during spark erosion process. This could cause some problems which will be
discussed in the following section.
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Table 3.1: List of adjustable EDG process parameters
EDG Process Parameters Adjustable Range and Conditions
Open Circuit Voltage (Voc) [V] 120V or 300V
Pulse Current [A] 1.0 to 23A
Pulse On Time [µs] 0.5-800 [µs]
Pulse Off Time [µs] 0.5-800 [µs]
Electrode wheel surface speed [m/s] 1.5- 5 m/s
Electrode wheel rotating direction CW or CCW
Electrode wheel polarity [+/-] + or -
3.2.5 EDG parameters setup
The spark erosion system discussed previously has a number of parameters that can
be adjusted for different applications. With the help of this flexible system, we can
also conduct a series of experiments to investigate the effect of these parameters on the
surface quality of the produced tools. In general, we can separate these parameters into
two different categories: (1)EDG process parameters (2) EDG gap control parameters.
The EDG process parameters are used to define the erosion process mode, and the gap
control parameters are used for changing the gain of the gap controller as discussed pre-
viously. Table 3.1 shows a list of process parameters that can be adjusted in this spark
erosion system. These parameters are setup according to the block diagram shown in
Figure 3.4 The details and effect of these process parameters will be discussed in the
following sections. Only one of these EDG process parameters is adjusted at a time
for every experiment conducted, so that the influence of this parameter to the surface
quality of the tool can be examined.
Table 3.2 shows a list of EDG gap control parameters that can be adjusted for different
applications. For each of these parameters, there are some conditions which must be
met when adjusting the gap control parameters so that the gap controller can perform
correctly.
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Table 3.2: List of adjustable EDG gap control parameters
EDG Gap Control Parameters Adjustable Range and Conditions
Servo voltage reference Vref [V] Vref > 0 and Vref < Voc
Servo error 1, e1 [V] e1 > 0 and e1 < e2
Servo error 2, e2 [V] e2 > e1 and e2 < (Voc − Vref)
Servo error 3, e3 [V] e3 > e4 and e3 < 0
Servo error 4, e4 [V] e4 > (0− Vref) and e4 < e3
Servo feedrate 1, v1 [mm/min] v1 > 0 and v1 < v2
Servo feedrate 2, v2 [mm/min] v2 > v1 and v2 < 20
Servo feedrate 3, v3 [mm/min] v3 < 0 and v3 > v4
Servo feedrate 4, v4 [mm/min] v4 < v3 and v4 > −10
Tuning of gap control parameters is essential for good performance of the gap controller
in such a way that it is able to maintain the gap distance at an optimum level during
spark erosion process. However, tuning or adjusting of these parameters is a tedious
job that requires a lot of trial and error. It should also be noted that while the tuning
of the gap control parameters is not the focus of this chapter, a detail analysis of the
gap controller investigation will be discussed in Chapter 6. To ensure the testing results
are not affected by the gap control parameters, constant gap control parameters are
used for all the experiments presented in this chapter as shown in Table 3.3.
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Table 3.3: Formula to calculate gap control parameters used in our experiments.
EDG Gap Control Parameters Formula for parameters used
Servo voltage reference Vref [V] Voc × 0.25
Servo error 1, e1 [V] (Voc − Vref)÷ 2
Servo error 2, e2 [V] (Voc − Vref)
Servo error 3, e3 [V] (0− Vref)÷ 2
Servo error 4, e4 [V] 0− Vref
Servo feedrate 1, v1 [mm/min] 0.2 [mm/min]
Servo feedrate 2, v2 [mm/min] 0.5 [mm/min]
Servo feedrate 3, v3 [mm/min] −0.2 [mm/min]
Servo feedrate 4, v4 [mm/min] −0.4 [mm/min]
3.3 Erosion Characteristics
3.3.1 Pulse discharge energy
As discussed previously, the pulse on time (Ton) and pulse off time (Toff) are two input
parameters that have significant effect on the tool surface finish and material removal
rate. Kiyak and Cakur (Kiyak and C¸akır 2007) and Lin et al. (Lin et al. 2008) con-
ducted investigation on the effect of these parameters on the erosion process with steel
tool. To our knowledge, there is no publication discussing the effect of these parameters
on PCD tool erosion process. This section is aimed at experimentally investigate the
effect of these parameters to the erosion process. The main physical principle behind
the effect of the parameters on the erosion process can be explained via investigating
their effect on a single pulse energy which is given by
Es ≈ Ie × Ve × Ton (3.1)
where
Es: Single pulse energy [µJ]
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Figure 3.8: The gap voltage and current waveform captured with a high bandwidth
oscilloscope.
Ie: Gap current [A]
Ve: Gap voltage [V]
Ton: Pulse on time [µs]
We measured the gap voltage and gap current signals during spark erosion process by
using a high bandwidth oscilloscope. A snapshot of measurements are shown in Fig-
ure 3.8. The red waveform is the measured gap voltage across the wheel electrode and
the tool, while the blue waveform is the measured gap current that is flowing through
the gap. There are three sparks measured in a period of 35 µs (from 20 µs to 55 µs). In
each pulse, the pulse on time (Ton) is about 4 µs and the pulse off time is about 4 µs.
As shown in Figure 3.8, at 24 µs, the MOSFET for supplying high voltage (120 V in
this case) is switched on. As a result, the gap voltage ramps up from 0 V to an open
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circuit voltage of 120 V, and maintains this voltage for a duration that is called as the
ignition delay time (Td). Ignition delay time is the period required for the breakdown of
the dielectric. The duration of this period changes from one pulse to another depending
on various machining conditions, such as (1) open circuit voltage level, (2) spark gap
distance, (3) density of the debris in the spark gap, and the strength of the dielectric
being used. The breakdown of the dielectric is more likely to be a stochastic process
rather than deterministic. Therefore, the ignition delay time of each individual pulse
cannot be easily controlled.
Immediately after the breakdown of the dielectric, a plasma channel is formed, allowing
the current to flow across the spark gap for a period of time which is specified by the
pulse on time (Ton). As shown in Figure 3.8, during this period, the gap voltage drops
to a level in a range of 20 V to 30 V depending on the gap condition and workpiece
material. This voltage is commonly called the eroding voltage or burning voltage (Ve).
At the same time, the current will rise to a level specified by the input parameter from
the user which is commonly termed as the eroding current (Ie). This spark duration
is controlled by the spark erosion controller that detects the instantaneous gap voltage
and current and sends switching commands to the MOSFETs to switch off the current
and voltage supply when the duration is expired. During this period, a very small
amount of the tool’s material is melted due to the high temperature generated in the
plasma channel. This molten material is then removed out of the spark gap by the
dielectric for a period of pulse off time (Toff). In addition, during this pulse off time
period, the dielectric strength is recovered and the spark gap condition is prepared for
the subsequent spark discharge.
Tm shown in Figure 3.8 is the voltage on period, which is the period during the MOS-
FET is switched on. In some cases, where iso-frequency pulse control is enabled, this
period is equal to the pulse on time. Iso-frequency pulse control is widely used in
micro-wire EDM type spark erosion machine with the aim of achieving a very short
current pulse (Luo 1998a, Yan et al. 2004). However, the current pulse duration in
iso-frequency mode can not be controlled as the ignition delay time varies from one
spark to another. Because of the uncontrollable current pulse duration, iso-frequency
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Table 3.4: EDG process parameters used for pulse on and off time experiments.
EDG Process Parameters Exp 1 Exp 2 Exp 3 Exp 4
Open Circuit Voltage [V] 300 300 300 300
Pulse Current [A] 10 10 10 10
Pulse On Time [µs] 10 100 10 100
Pulse Off Time [µs] 30 300 30 300
Wheel surface speed [m/s] 3.5 3.5 3.5 3.5
Wheel rotating direction CW CW CW CW
Wheel polarity [+/-] + + + +
Tool Material WC WC PCD PCD
pulse control mode is not enabled in our experiments.
Four sets of experiments have been conducted to investigate the effect of pulse on time
and pulse off time parameters on two different types of tool material. Table 3.4 shows
a list of the parameters and tool materials that were used in these experiments. As
shown in this table, Exp 1 and Exp 2 are conducted with the objective of investigating
the effect of pulse on time and pulse off time on tungsten carbide tool. The third and
fourth experiments (Exp 3 and Exp 4) are to investigate these parameters effect on
PCD tool material.
It should be pointed out that the pulse off time parameter is adjusted together with
the pulse on time parameter. This is to maintain the duty cycle (τ) of the current pulse
which is defined as
τ =
Ton
Ton + Toff
. (3.2)
Figure 3.9 shows the tungsten carbide workpiece surface quality achieved after ero-
sion using the parameters listed in table 3.4. These surface images are taken using a
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Figure 3.9: Tungsten carbide surface finish with long and short pulse on and off
time.
standard optical electronic microscope with a magnification of 150X. The microscope
images on the left and right of Figure 3.9 shows the surface qualities achieved with a
long pulse on time of 100 µs and a short pulse on time of 10 µs respectively. As it can
be seen in this figure, the tungsten carbide surface on the left image is coarser than
the one on the right image. The craters size with 100 µs pulse on time are also larger
than the craters with 10 µs of pulse on time. A more obvious black mark as a result of
thermal damage can also be seen on the surface due to longer pulse on time.
Figure 3.10 show surface quality of the workpiece obtained in experiments 3 and 4.
The microscope images on the left and right sides of this figure show the PCD tool
surface quality achieved with a short pulse on time of 10 µs and a longer pulse on time
100 µs respectively. Similar to the results obtained with tungsten carbide tool, a better
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Figure 3.10: PCD tool surface finish with different pulse on time.
surface quality of the PCD tool can be obtained with shorter pulse on time. The tool
surface achieved with longer pulse on time is darker than the surface achieved with a
shorter pulse on time, indicating too much heat being applied to the tool surface during
erosion process. From equation (3.1), it is understood that the pulse energy is increased
with longer pulse on times. As a result, a larger amount of heat is transferred to the
workpiece during the breakdown of the dielectric causing possible thermal damage to
the structure of the tool.
It is noted that although the pulse energy increases with longer pulse on times, there
is no significant increase in the efficiency of the material removal process. Therefore,
a short pulse on time can be used to achieve a good surface quality of the workpiece
without scarifying the material removal efficiency as long as the duty cycle is main-
tained.
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3.5A20A
Figure 3.11: Tungsten carbide surface finish with different pulse current.
In addition to the pulse on time and pulse off time parameters, another parameter
included in the pulse energy equation (3.1) is the pulse current. In order to obtain
a better understanding of the effect of pulse current on the spark erosion process, in
a series of experiments we used the same experimental setup and EDG process pa-
rameters as in previous experiments but with different pulse currents. To facilitate
the comparison of tool surface quality achieved in these experiments with the results
already obtained in previous experiments, the pulse on time is fixed at 10 µs and the
pulse off time is fixed at 30 µs, .
It is well known that a pulse current consists of electrons and ions passing through the
spark gap when a plasma channel is formed during the breakdown of the dielectric.
An erosion process with high pulse current has a larger amount of electrons and ions
passing through the spark gap. As a result, more electron avalanches occur and thus
larger amount of heat is generated in the same period of time. Figure 3.11 shows the
eroded surface achieved with two different pulse current values. For the sake of having
a direct comparison of two different pulse current parameters on the same tool, we
eroded the first flute of the drill with 20 A of pulse current and the second flute of the
same drill with 3.5 A of pulse current.
It is observed that the eroded surface with 20 A is much rougher than the eroded
surface with 3.5A. In addition, the crater size with 20 A is larger than the one with
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3.5 A. Larger crater size with larger currents due to the higher pressure and tempera-
ture generated in the plasma channel and more material being removed from the tool
within the same period of time, but leaving larger craters on the tool surface. Besides,
surface cracks can also be seen on the eroded surface with 20 A of pulse current value.
According to Lee and Li (Lee and Li 2003), the surface cracks are due to thermal
expansion. Tungsten carbide is a low thermal conductive material. These cracks are
formed with the development of high thermal stresses exceeding the fracture strength
of the material and the rapid cooling of the tool surface after discharge.
Spark concentration is another cause of larger crater sizes being generated with higher
pulse current values. It is understood that with higher pulse currents, more material
is melted during the spark discharge and more debris are generated in the spark gap.
Consequently, a longer time is required to remove the debris out of the spark gap. Fail-
ure of removing these debris from the gap will result in the spark to be concentrated at
the same location as the previous pulse. Thus, more material is removed on the exist-
ing crater and the size of the crater becomes even larger. In order to avoid continuous
spark concentration, an intelligent routine is required in the spark erosion controller to
detect spark concentration and automatically increase the pulse off time to allow more
time for the debris to be removed from the gap.
A higher efficiency in terms of the rate of material removal in the spark erosion process
can be realised by increasing the pulse current value. However, poor surface quality
due to surface cracking, large crater size and thermal damage on the tool structure are
possible side effects of increasing the pulse current value. Striking the right balance in
the trade-off between the tool surface quality and material removal rate is an important
consideration in choosing the correct parameters for spark erosion.
3.3.2 Electrode wheel polarity and rotating direction
It is well known that the wheel electrode polarity needs to be properly setup for a spark
erosion system. However no investigation of the polarity effect on the tool surface qual-
ity has been reported in the literature. Two experiments were conducted using the
79
3.3 Erosion Characteristics
Table 3.5: EDG process parameters used for electrode wheel polarity experiments
EDG Process Parameters Experiment A Experiment B
Open Circuit Voltage 300 300
Pulse Current [A] 10 10
Pulse On Time [µs] 10 100
Pulse Off Time [µs] 30 300
Wheel surface speed [m/s] 3.5 3.5
Wheel rotating direction CW CW
Wheel polarity [+/-] + -
Tool Material PCD PCD
parameters listed in Table 3.5. Each set of experiment was repeated multiple times by
using the same type of tool to ensure consistent experimental results would be obtained.
It was not straightforward to observe the difference surface qualities of the PCD tools
obtained from these two sets of experiments under a normal optical microscope. For
the sake of conducting a detailed investigation on these two eroded surfaces, a scan-
ning electrons microscope (SEM) with very high magnification capability was used for
checking the eroded tool surface quality. Figure 3.12 shows a SEM image captured from
the surface of the tool eroded with negative wheel polarity under a magnification of
2000X while Figure 3.13 is an SEM image of the surface quality achieved with positive
polarity on the wheel electrode.
It is observed that the surface of the PCD tool eroded with positive polarity on wheel
electrode gives a coarser surface finish than with negative polarity. A porous structure
on the surface of the eroded PCD tool with positive polarity can be observed. This
porous structure on PCD material is normally caused by the dislodgement of diamond
grains due to over-erosion of the cobalt binder. It can be concluded that erosion with
positive wheel polarity promotes more aggressive sparks on the tool surface than the
wheel with negative polarity even though same pulse energy is used for both experi-
ments.
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Negative Polarity
Figure 3.12: SEM image on eroded surface with negative polarity on the wheel.
Positive Polarity
Figure 3.13: SEM image on eroded surface with positive polarity on the wheel.
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According to the electrical charge flow theory, negatively charged particles flow from
the cathode (negative polarity) towards the anode (positive polarity), whereas posi-
tively charged particles move from the anode to the cathode. In other words, when
positive polarity is selected on the wheel electrode, the tool will be bombarded with
positively charged ions when the plasma channel is formed in the spark gap. If a nega-
tive wheel polarity is selected, the tool will be bombarded with negatively charged ions
that are normally smaller in size than a positively charge ions. As a result, negative
wheel electrode results in less heat to be generated on the bombarded surface, leading
to a better eroded surface quality at the price of reduction in material removal efficiency.
These investigations show that the wheel polarity should be correctly selected for dif-
ferent applications. When higher material removal rate is required such as in roughing
operation, a positive wheel polarity should be used during spark discharge. A nega-
tive wheel polarity should be selected when the eroded surface quality is more a priority.
3.4 Issues with PCD tool quality by spark erosion
Since the invention of the first spark erosion machine by Lazarenko, spark erosion tech-
nology has been widely used for removing material with low resistivity such as tungsten
carbide or high speed steel. Intensive research has been conducted on the electrical dis-
charge erosion of conductive material. But the erosion process for semi-conductive
material such as PCD is yet to be investigated in detail. This section is aimed at dis-
cussing the issues in spark erosion of PCD tools.
3.4.1 Surface roughness
Surface roughness is an important measurement index to determine the quality of an
eroded tool. This measure is widely used in the industry to quantify the smoothness of
a tool surface. It is generally quantified by the vertical deviation of a real surface from
an ideal form. A measure denoted by Ra is most commonly used for qualifying surface
82
3.4 Issues with PCD tool quality by spark erosion
Figure 3.14: Definition of Ra (Gadelmawla et al. 2002).
roughness. According to Gadelmawla et al. (Gadelmawla et al. 2002), Ra is defined as
the average absolute deviation of the roughness irregularities from the mean line over
one sampling length as shown in Figure 3.14. The equation for the arithmetic average
height parameter is
Ra =
1
a
n∑
i=1
|yi| . (3.3)
A tool with good surface finish typically has a low surface roughness Ra value of less
than 0.5 µm. However, as discussed in previous section, the surface roughness is greatly
affected by the EDG process parameters specified by the operator. It was also under-
stood that spark erosion process is a non contact material removal process in contrast
to the traditional abrasive grinding method. A traditional abrasive grinding method
normally produces a better surface roughness Ra than EDG due to the compression
force between the grinding wheel and the tool, which allows better control of the ma-
terial removal process. On the other hand, non contact spark erosion processes are
stochastic whereby controlling the vaporising and material removal process is a chal-
lenging task. There exist many contributing factors to the surface roughness of an
eroded tool including:
 workpiece material properties;
 spark erosion generator control performance;
 dielectric setup (Dielectric speed, direction, volume);
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 spark gap conditions and
 electrode wheel conditions.
In order to produce a high quality tool with good surface roughness, the above men-
tioned factors need to be properly addressed. In this section, we will only discuss the
effect of workpiece material on surface roughness. The other factors will be discussed
in detail in later chapters.
In order to investigate the effect of tool material on the tool surface roughness, we
selected a drill bit that contained both PCD and tungsten carbide material on a single
surface. During spark erosion process, both materials were removed simultaneously.
This allowed us to ensure the same spark erosion conditions would be with applicable
with erosion of both materials. The eroded surface of the tool was then analysed on an
Alicona Infinite Focus EdgeMaster using a 50X lens for accurate measurement results.
Figure 3.15 shows the surface roughness of the eroded PCD surface measured by Ali-
cona Microscope. A 3D picture captured by Alicona is shown on the top part of this
figure. The bottom graph illustrates the height of the measured points with respect to
a reference line that was created by the user. The darker part shown in the 3D image
of this figure is the area covered with PCD material, and the lighter part is the area
that contains tungsten carbide material. In order to ensure accurate measurements, we
selected a measurement area at the centre of the PCD as represented by the red line in
this figure. A Ra reading of 0.36 µm was achieved on the PCD surface of this tool. A
maximum peak to peak value of 2 µm was observed from the graph shown in this figure.
The surface roughness of the surface of the tungsten carbide material is also measured.
The result of this measurement is shown in Figure 3.16. As shown in this figure, a
better Ra value of 0.22 µm was achieved on the eroded tungsten carbide area. Com-
pared to PCD area measurement, a smaller peak to peak depth of 1 µm is shown in the
bottom in Figure 3.16. These results demonstrate that same spark erosion conditions
can lead to different surface roughness for different materials.
Aimed at understanding the cause for different measured surface roughness obtained
on the two surfaces, we analysed the surface of this tool under a SEM microscope.
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Measurement Report
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Figure 3.15: PCD surface roughness measured by Alicona Microscope.
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Figure 3.16: WC surface roughness measured by Alicona Microscope.
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Polycrystalline Diamond
Tungsten Carbide
Figure 3.17: SEM image on eroded surfaces of PCD and WC materials.
Figure 3.17 shows an image taken by a SEM microscope on the interface area of the
PCD and tungsten carbide material, shown on the top and bottom parts of this figure
respectively. As it can be seen in this figure, a recast layer was formed on top of the
tungsten carbide surface which was due to melting of the tungsten carbide material as
a result of high temperature generated during spark discharges. In theory, this molten
material should be solidified and entirely removed from the spark gap. However, during
spark erosion, some part of the molten material was not removed from the tool surface
due to spark gap being too narrow to allow these molten material to be entirely flushed
away from the spark gap. The remaining molten material is not removed from the spark
gap. It is re-solidified to the surface, forming a recast layer on the surface of the tool as
shown in Figure 3.17. Although this recast layer on the tungsten carbide surface gives
a better surface roughness, it reduces the efficiency of the material removal process.
Indeed, this layer is normally not as tough as the normal tungsten carbide material.
It is noted that the surface finish of the PCD area is significantly different from the
recast layer on tungsten carbide area. This demonstrates that PCD material undergoes
a material removal mechanism that is different from the tungsten carbide material. As
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discussed in the previous chapter, PCD consists of many small diamond grains which
are bonded by cobalt material during the sintering process. Unlike tungsten carbide,
these diamond grains are too hard to be melted even under very high temperature. In
fact, these diamond grains are very sensitive to heat and under high temperatures, they
can be transformed into graphite. More precisely, upon being eroded using EDG, the
material on the PCD surface is likely to be graphite. On the other hand, despite the
fact that diamond grains are not melted during erosion, the cobalt binder has similar
material properties to tungsten carbide in the sense that it melts if the temperature is
high enough. As a result, during spark erosion, the cobalt binder in PCD melts and
eventually loses its capability of holding the diamond grains. Without bonding of the
cobalt binder, the diamond grains fall off the surface of the tool. This process is nor-
mally called as diamond dislodgement process. As a result of diamond dislodgement, a
hole will be left on the tool surface, leading to a rougher surface than in the tungsten
carbide area.
As discussed in the previous chapter, a few different types of PCDs are used in the
industry. They are generally categorised by the size of diamond grains. We have also
conducted an investigation on the surface quality achieved with difference grain size
PCDs. Figure 3.18 shows SEM images of the eroded surfaces of two PCDs with differ-
ent grain size. The SEM image on the left shows the eroded surface of a 2 µm grain
size PCD tool, while the right is the SEM image of a 10 µm grain size PCD tool.
The 10 µm grain size PCD tool (right) obviously has a rougher surface finish than the
2 µm grain size PCD tool. This is caused by two contributing factors. The first is the
difference in the conductivity of these materials. A 2 µm grain size PCD has higher
conductivity than the 10 µm grain size PCD, and this helps to promote graphitisation
of the diamond grains and reduces diamond dislodgement. As a result of diamond
graphitisation, a smoother surface roughness can be achieved on the 2 µm grain PCD
surface. The second factor is the grain size itself. A dislodged 10 µm diamond grain
will leave a 10 µm diameter crater on the tool surface, whereas a 2 µm diamond grain
will only leave a 2 µm diameter crater. Thus a better surface roughness is achieved on
2 µm grain size PCD surface.
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2µm Grain Size PCD 10µm Grain Size PCD
Figure 3.18: SEM image on eroded surface of a 2 µm and a 10 µm grain size PCD.
3.4.2 WC and PCD interface undercut
It is quite common that two different materials such as tungsten carbide and PCD
are eroded simultaneously on the same surface of a tool. As discussed, during spark
discharge, these materials are removed with different removal mechanisms. As a result,
a deep cut could be observed at the transition interface between tungsten carbide and
PCD material, which is called as the interface undercut.
Figure 3.19 shows an example of an interface undercut that is observed under 150X
magnification of an optical microscope. The occurrence of an interface undercut on the
eroded surface is mainly due to the high conductivity of the material at the transition
interface along the PCD and tungsten carbide. During PCD sintering process under
high temperature and high pressure, the diamond grains that sit in a created slot try
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WC
PCD
Undercut
Figure 3.19: Undercut on the transition area of PCD and WC material.
to absorb the melted cobalt and tungsten from the tungsten carbide backing into the
PCD grains area. Upon completion of the sintering process, the temperature and pres-
sure drop to room temperature and atmospheric pressure and the cobalt trapped on
the transition area of these interface is solidified and remains at the area. As a result,
this area contains the highest amount of cobalt as compared to other areas of PCD.
As cobalt is a very good electrical conductor, this interface area contains the highest
electrical conductivity and attracts more spark discharges.
Figure 3.20 shows the depth of interface undercut measured by Alicona microscope.
Depending on the pulse current, a typical 8 µm depth of interface undercut can be
resulted after finishing operation as shown in this figure. A deeper interface undercut
will be realised if a larger pulse current value is selected. This is because more material
will be removed on the interface area due to more aggressive sparks with higher pulse
current values. The depth of interface undercut can also be reduced, if the in-feed for
the finishing operation is large. Interface undercut is mainly created during roughing
operation due to the use of higher pulse energy. Therefore, the depth of this undercut
can be reduced with the slight increase in the in-feed during finishing operation.
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Figure 3.20: The depth of undercut measured by Alicona Microscope.
3.4.3 PCD tool cutting edge quality
One of the most important factors that determines the performance of a tool is its
cutting edge quality. A perfect tool has a very tough cutting edge with minimum ra-
dius on the intersection of the two surfaces. Figure 3.21 shows an example of a tool
with a very sharp cutting edge. A sharp cutting edge on a tool is normally required
for producing advanced components requiring high accuracy and also a good surface
finish and low residual stress (Yuan et al. 1996). As stated by Yuan et al. (Yuan et al.
1996), the cutting edge sharpness of a tool substantially affects the machined surface
integrity, residual stress and the dislocation density of the machine surface. Therefore,
it is important to ensure excellent cutting edge sharpness of a tool produced by the
erosion process.
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Figure 3.21: SEM Image of a PCD tool with sharp cutting edge.
Figure 3.22: SEM image of a PCD tool with poor cutting edge.
Figure 3.22 shows an example of a poor cutting edge that was produced by spark ero-
91
3.4 Issues with PCD tool quality by spark erosion
sion. Waviness of the cutting edge can be seen on the higher magnification SEM image
as shown in this figure. This cutting edge is generally not acceptable as this tool will
lead to a catastrophic failure due to the uneven cutting force that are applied to the
tool cutting edge during drilling process. A poor cutting edge on the tool created by
the erosion process can be caused by a few different factors. The first factor is the
pulse current value. A high current value will generate over aggressive sparks on the
cobalt binder in the PCD material. As a result of the removal of the cobalt binders,
the diamond grains will eventually fall off the PCD tool surface. Thus, a sharp cutting
edge cannot be easily maintained. The second factor is the debris density in the spark
gap during erosion process. As it was mentioned earlier, debris are particles that are
solidified from the molten material that are removed from the tool surface. These de-
bris particles have high electrical conductivity and are able to render the conductivity
of the spark gap. Spark discharges will then occur at a larger spark gap distance due to
the increase in spark gap conductivity with the presence of high density debris. With
a larger spark gap distance, the spark locations are far less controlled as sparks jump
to adjacent areas, causing a poor cutting edge. Therefore, in order to ensure a sharp
cutting edge, the density of the debris in the spark gap need to be properly controlled
so as to reduce the rate of sparks jumping to adjacent areas.
Besides sharpness of the cutting edge, another critical requirement on the cutting edge
for a good tool is the toughness of the created cutting edge. The toughness or the
strength of the cutting edge is important to ensure the tool can sustain for its tool
life without a major catastrophic failure. One of the catastrophic failures caused by
a weak cutting edge is chipping on the tool cutting edge. Chipping happens when a
small amount of material is removed on some part of the cutting edge during the use
of this tool.
Figure 3.23 shows an example of a PCD drill bit that was chipped at its cutting edge
after drilling of a hole due to its weak cutting edge. It is noted that the eroded sur-
face roughness of both tungsten carbide and PCD area are excellent. However, the
PCD structure on the cutting edge has changed due to the heating and cooling pro-
cess caused by spark discharges. Diamond is a very good thermal conductor which
can transfer the heat generated during bombarding of the electrons and ions from the
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Chip on PCD Cutting Edge
Figure 3.23: A chipped tool caused by thermal damage on the tool cutting edge.
surface to the deeper part of the PCD material within a very short period of time.
The heat that is transferred to the deeper part of the PCD material can change the
structure of the PCD, leading to reduction of the strength of the PCD tool cutting edge.
3.5 Conclusions
In this chapter, experimental investigations were presented to find out the relation-
ship between process parameters and the eroded PCD tool quality. The generator and
the machine setup used in these experimental investigations were discussed. Typical
erosion characteristics such as pulse discharge energy and electrode polarity were also
discussed in this chapter.
During this experimental investigations, a few critical issues about the PCD tool qual-
ity such as surface roughness, PCD and WC interface undercut and also the PCD tool
cutting edge quality were discovered. These issues need to be meticulously addressed
so that a high quality PCD tool can be fabricated by using spark erosion technology.
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The experimental results discussed, shed light on the requirements of an intelligent
spark erosion control system. An effective spark erosion control system needs to be
able to detect the spark gap condition that is contaminated with molten material, and
should be capable of automatically extending the off time of the discharge pulses so
that the molten material can be re-solidified into solid particles and be removed from
the spark gap. It is believed that the efficiency of the material removal process can be
increased by reducing the re-solidification of the molten material to the tool surface.
In order to address these issues, a robust detection of the spark gap condition by
monitoring each discharge pulse is proposed in this thesis and discussed in Chapter 4.
Intelligent discharge pulse control algorithms will then be proposed in Chapter 5 with
the aim of addressing the poor PCD tool quality that were discovered in this Chapter.
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Feedback Signals of Erosion
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4.1 Introduction
As discussed in chapter 2, to erode good quality PCD tools using EDG machines, both
spark pulses and the spark gap need to be well controlled. While the aim of these two
controls is the same, to maintain a stable and efficient eroding process, they are quite
different in terms of actuation mechanism and implementation.
The discharge pulse control system responds at high speed (120 ns) with the function
to control the MOSFETs (switches) so as to control the voltage pulses that are applied
to the spark gap. The duration of switching on and off are normally pre-defined but
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can be modified depending on the spark gap condition.
On the other hand, the spark gap control system is to move the machine axes that
are involved in the erosion process so as to maintain an optimum spark gap between
the electrode wheel and the tool. In practical consideration, the respond speed of this
control system is limited by the bandwidth of the servo system in each individual axis
and also by the master cycle data period which is 4 ms in an ANCA CNC system.
It is noted that the raw feedback signals of the erosion process are simply voltage ap-
plied across the spark gap and current that flow through the spark gap. For the sake
of controlling the instantaneous discharge pulses and the spark gap distance, these raw
signals need to be further processed to a more meaningful feedback signals.
This Chapter is focused on algorithms for processing these raw signals to more mean-
ingful signals which can be categorised into different levels:
 Level 1 discharge pulse monitoring −→ is to monitor each discharge pulse and
classify them into different categories (120ns updating period), and
 Level 2 spark gap distance detection −→ is aimed at measuring the relative dis-
tance of the spark gap distance (4ms updating period), and
 Level 3 eroding area detection −→ is for detecting the change in erosion area (1s
updating period).
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Figure 4.1: Discharge pulse monitoring and spark gap distance detection block diagram.
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It is noted that as shown in figure 4.1, the feedback signals with 120ns updating period
(level 1 detection) is to be used for discharge pulse control while the others (levels 2
and 3 detection) are to be used for the spark gap control system which are detailed in
Chapter 5 and Chapter 6 respectively.
4.2 Level 1 - Discharge Pulse Monitoring
Recall that as discussed in Chapter 3, a normal spark gap condition has the following
characteristics:
 It contains a desirable amount of debris particles in the spark gap,
 the spark gap distance is “optimal”, in which it is large enough so that short
circuit or arcing does not occurs for the given density of debris particles, but
small enough for the subsequent spark discharge to take place with the same
open circuit voltage, and
 the dielectric strength in the spark gap has been recovered from previous spark
discharge.
It is also noted that a standard PCD tool normally contains a PCD strip that is brazed
into a tungsten carbide (WC) backing to support the PCD strip from fracture. As a
result, during the erosion process, these two materials are being eroded simultaneously.
It is known that erosion of PCD material has different removal mechanism as compared
to the WC material. Both of them have different characteristics as shown below:
 PCD material has lower electrical conductivity as compared to WC material, and
 the volume of material removed per unit energy is lower for PCD material as
compared to WC material, and
 the PCD material requires longer time for recovery of dielectric strength as com-
pared to WC material.
To maintain stable and efficient PCD and WC material eroding process, it is important
that:
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 The spark gap condition is normal before enable a new discharge pulse, and
 existing discharge pulse is not transforming into harmful arcing or short circuit
pulse, and
 distinguish the type of material being eroded.
Section 4.2.1 discuss about the algorithm for detecting the condition of the spark gap
and Section 4.2.2 discuss about the algorithm for detecting the type of material being
eroded.
4.2.1 Spark gap electrical conductivity monitoring
Detection algorithm
Figure 4.2 is a flowchart that details the proposed algorithm for detecting the post
de-ionised gap condition (steps 1 & 2) together with algorithm for detecting pulse type
during discharge stage (step 3) which are detail as below.
Step 1- Short circuit condition detection (Pt3)
The first step is to check for short circuit condition. To this end, as shown in the
flowchart in green, immediately after the expired of the deionised time for previous dis-
charge cycle, a small voltage of 48V (Vc1) is applied across the spark gap, in which this
voltage should be sufficiently low so that this voltage is not able to cause the breakdown
of the dielectric strength if the spark gap is in a normal or arcing condition. Hence,
if the spark gap is not in short circuit condition (Pt3 = 0), no current will be able to
flow through the spark gap with this low voltage. Otherwise, the gap is in short circuit
condition if current is detection (Pt3 = 1).
Note that this short circuit condition could be caused by insufficient removal of debris
particles from the spark gap that is either very small or the tool and the electrode
wheel are physically in contact. As a result, electrical current can flow through the tool
and the electrode wheel without the need of a plasma channel. In addition, insufficient
recovery of the dielectric strength from previous spark discharge can also result in the
current flowing through the electrode wheel and the tool with a relatively low supplied
99
4.2 Level 1 - Discharge Pulse Monitoring
Short circuit detection
Apply 48V,1A
Arcing Detection
Apply 120V, 0.5-3.5A
Arcing?
SC?
Apply ignition voltage 
300V, 0.1A, td=0
Current?
Apply discharge voltage 
48V, 0.5-23.5A,t=0
t= t+1
t> Ton
Switch off MOSFETs
Arcing?
SC?
Switch off MOSFETs
Extend Toff
Toff
Counter
Yes
No
Extend Toff
Yes
Yes
No
Extend Toff
Extend 
Toff
No
Toff counter
No
Yes
No
No
Yes
Post-
deionised 
check
Discharge 
check
Yes
Figure 4.2: Flowchart for spark gap condition monitoring algorithm.
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voltage within a very short period of time. If a short circuit gap condition is detected,
the MOSFETs are switched off immediately as shown in Figure 4.2 and is further dis-
cussed in Chapter 5
Step 2- Arcing condition detection(Pt2))
As shown in Figure 4.2, if the spark is not short circuited as confirmed in Step 1, the
test will move into step 2 where a medium voltage (Vc2) 120 V in this case is then
applied to the spark gap for a short period of time to check if the spark gap is in arcing
condition. This medium voltage (Vc2) is generally higher than te Vc1 that is used in
Step 1 but is lower than the open circuit voltage (300 V). Similar to the short circuit
detection method, an arcing spark gap condition is identified (Pt2 = 1)) if the current is
detected during this period, otherwise the spark gap is not in arcing spark gap condition.
Note that the cause for this arcing spark gap condition could be due to a high density of
debris particles that are trapped in the spark gap as a result of over production of debris
particles during spark discharges. These trapped debris particles reduce the spark gap
conductivity by creating a “bridge” that will shortened the spark gap distance which
can allows easier formation of the plasma channel within short period of time. Also note
that if the spark gap is in arcing condition, the deionised time will be extended before
resume the same test again which are shown in Figure 4.2 and is further discussed in
Chapter 5.
The post-deionised checking stage is completed after Step 2 arcing condition detection
check is completed. The algorithm then proceeds to Step 3 - open circuit and discharge
checking stage by supplying an open circuit voltage for initiating subsequent spark dis-
charge.
Step 3- Open circuit and discharge checking stage
Although, the previous check stage has already confirmed the condition of the spark
gap, there are also chances where the gap condition can be transformed from a normal
spark gap condition into a harmful arcing or short circuit spark gap condition. Step 3
discharge checking step is introduced not only with the aim for detecting the change in
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Figure 4.3: Gap voltage and current thresholds for discharge checking stage.
gap condition, but also for calculating the number of open circuit pulse detected before
a discharge pulse is initiated.
As shown in Figure 4.2, an open circuit pulse is detected when the gap voltage remains
above the open circuit threshold (VTOC) (as shown in Figure 4.3) for longer than a
pre-set pulse on time (Ton). This open circuit pulse detection is continued repetitively
until discharge current that flow though the spark gap is detected.
After discharge current is detected, the condition of the spark gap is being monitored
by checking the gap voltage and current signals with several thresholds in real-time.
During this period, the measured gap voltage and current signals are defined as erod-
ing voltage and current respectively. In principle, a large number of thresholds can
be used. However, to keep the method computationally viable for real-time operation,
three voltage thresholds and one current threshold are used for identifying the spark
gap condition. As shown in Figure 4.3, the three voltage thresholds are: open circuit
voltage threshold (VTOC), arcing voltage threshold (VTA) and a short circuit voltage
threshold (VTSC). The current threshold is denoted by (IT ).
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A normal spark gap condition is detected if the eroding voltage is above the arcing
threshold (VTA) (which is less than the open circuit threshold (VTOC)) and gap current
is above the current threshold (IT ). An arcing spark gap condition will be detected
if the eroding voltage is between the short circuit voltage threshold (VTSC) and the
arcing voltage threshold (VTA). Similarly, a short circuit gap condition is detected if
the eroding voltage drops below the short circuit voltage threshold (VTSC) while the
gap current is beyond the current threshold (IT ). The pseudocode for this spark gap
condition monitoring method is shown in algorithm 2.
The theory for this detection method is based on the assumption that the gap impedance
is reduced with large amount of debris particles in the spark gap. A high eroding volt-
age shows a large spark gap impedance and by comparing the voltage with a threshold,
the spark gap impedance is indirectly taken into account and we make sure that it
is sufficiently large, before identifying as a normal pulse. To discriminate between an
arcing and a short circuit pulse, the other thresholds are used (which are lower than
the threshold for normal pulses). For a short circuit spark gap condition, the eroding
voltage is very close to zero due to over production of debris particles, and for an arc-
ing gap condition, the eroding voltage is larger but it is still smaller than the eroding
voltage in a normal spark gap condition.
As a result of level 1 spark gap electrical conductivity algorithm, at least one type of
pulse will be detected at the end of each discharge pulse. Note that if arcing or short
circuit pulse is detected is step 1 or 2, this detected result cannot be over-ridable in
Step 3 even though a normal pulse is detected in Step 3. At the end of step 3, each
detected pulse type will be accumulated into its pulse number counter which are given
by:
Pn1(k) =
N∑
j=1
Pt1(j × sgn(Tt(j))) (4.1)
Pn2(k) =
N∑
j=0
Pt2(j × sgn(Tt(j))) (4.2)
Pn3(k) =
N∑
j=0
Pt3(j × sgn(Tt(j))) (4.3)
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Algorithm 2 Pseudocode for spark gap condition monitoring method during discharge
checking stage.
Inputs: Current threshold IT , Voltage thresholds VTN , VTA , VTSC , and the pulse
on-time Ton entered by operator.
. Initialization
1: j ← 1
2: Read V (j) and I(j)
3: Pt1(k)← 0; Pt2(k)← 0; Pt3(k)← 0
4: if I(j) > IT then . Discharge checking stage.
5: if V (j) > VTN then
6: Pt1(j)← 1 . Normal discharge pulse detected.
7: else if V (j) > VTA then
8: Pt2(j)← 1 . Arcing pulse detected.
9: else if V (j) > VTSC then
10: Pt3(j)← 1 . Short circuit pulse detected.
11: else
12: Go to Step 2
13: end if
14: end if
15: j = j + 1
16: Go to Step 2
Outputs: Pulse trains Pt1(j), Pt2(j) and Pt3(j).
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where,
sgn(Tt(j)) =
{
1 if Tt(j) < K
0 if Tt(j) > K
(4.4)
and K is the level 2 control loop update period.
where Pn1 , Pn2 and Pn3 are the number of detected normal pulse, arcing pulse and
short circuit pulse. j is the counter which get updated at end of each discharge pulse.
This pulse number is reset after the total time Tt is expired and this total time is given
by:
Tt(k) = Td2(k) + Ton2(k) + Toff2(k) (4.5)
where Ton2(k), Toff2(k), Td2(k) are accumulated duration of the pulse on time, pulse
off time and the ignition delay time which are given by:
Ton2(k) =
k−1∑
j=0
Ton1(j × sgn(Tt(j))) (4.6)
Toff2(k) =
k−1∑
j=0
Toff1(j × sgn(Tt(j))) (4.7)
Td2(k) =
k−1∑
j=0
Td1(j × sgn(Tt(j))) (4.8)
By substituting Equations (4.6, 4.7, 4.8) into Equations (4.5)
Tt(k) = (
k−1∑
j=0
Td1(j × sgn(Tt(j))) +
k−1∑
j=0
Toff1(j × sgn(Tt(j))) +
k−1∑
j=0
Ton1(j × sgn(Tt(j))))
(4.9)
Simulation techniques and results
In order to evaluate the performance of our proposed method, a simulation is conducted
by constructing a Simulink model that represents the algorithm of our method. We
have only conducted the simulation for validating the discharge stage gap monitoring
method but not on the post-deionised stage gap monitoring method. This is because
it is very difficult to construct a model that can simulate a close to reality spark gap
conditions in Simulink environment. Although this method is not tested in a simulation
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environment, we will still be validating our proposed method by implementing it in a
real-time environment. The real-time implementation and experimental results will be
discussed in a later section of Chapter 5.
Figure 4.4 shows a model that was constructed in a Matlab Simulink environment for
simulation purposes. The gap voltage and current waveforms were captured during real
experiments that were conducted previously with different spark gap conditions. They
are used as the input signals for our simulations. The arcing voltage threshold and
short circuit voltage threshold used in this simulation are 18V and 8V respectively. A
current pulse detector block was constructed to detect a discharge current pulse during
simulation. The detection of a current pulse would enable the low pass filter block
to filter the eroding voltage signal that was captured during this period. The “EV
Latch” block latches the filtered eroding voltage that is supplied from the low pass
filtering block once a trigger signal is received from the “EV Latch Generator” block.
This latched eroding voltage is then transferred into three different pulse discrimination
blocks simultaneously for comparison. These pulse discrimination blocks are shown as
NEP, AP and SCP in our simulation model. The result from these pulse discrimina-
tion blocks triggers their respective pulse counters that accumulate their total detected
pulse counts. These procedures are repeated continuously until the simulation ends.
We repeated this simulation for a few times with different gap voltage and current
waveform inputs that were captured with different spark gap conditions.
Figure 4.5 shows an example of the result obtained from our simulation with the use of
the gap voltage and current waveforms that were captured during arcing and normal
spark gap conditions. The top graph represents the captured gap voltage and current
waveforms, and the lower graph represents the detected type of pulses. Red and blue
pulse trains represent the detection of normal efficient pulses and arcing pulses. As
shown in Figure 4.5, there are 10 arcing pulses and 30 normal efficient pulses detected
for a period of 8 ms. This figure also shows that our method is capable of classifying a
normal efficient and an arcing pulse accurately.
There are no short circuit pulses detected in Figure 4.5. This is because no short circuit
spark gap condition occurred while this set of gap voltage and current waveforms were
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Figure 4.4: Matlab Simulink model for simulating the gap conductivity pulse
discrimination algorithm.
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Figure 4.5: Simulation result of detected arcing and normal efficient pulses.
captured. In order to evaluate the performance of our spark gap monitoring method
for detecting a short circuit spark gap condition, we ran the simulation again with the
use of another set of data that were captured while the tool was partially in contact
with the electrode wheel. Figure 4.6 shows an example of the results obtained after
the simulation is conducted. There are five short circuit pulses detected in the first
4 ms of this data and a continuous detection of normal efficient pulses after 4 ms of
the simulation. This continuous detection of the normal efficient pulses can be due to
the removal of the debris particles from the spark gap after 4 ms. These results also
show that our discharge stage gap monitoring method is performing well in a simula-
tion environment. The performance of this method in practice will be demonstrated in
Section 5.5.
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Figure 4.6: Simulation result of detected short circuit and normal efficient pulses.
4.2.2 Material’s electrical conductivity monitoring
As mentioned earlier, traditional spark erosion systems are normally used for removing
material that are very good electrical conductors such as high speed steel or tungsten
carbide material. Therefore, the detection of the material’s electrical conductivity is
not required for erosion of such materials. However, PCD material is a semi-conductive
material that undergoes a different material removal mechanism from the normal tung-
sten carbide material in which erosion of this semi-conductive material will need to be
detected on-line for producing of a high quality PCD tool. A novel method for moni-
toring of the workpiece electrical conductivity at the sparking location is proposed in
this section. Up to our knowledge, there is no such method presented by any researcher
for monitoring of the eroded material’s electrical conductivity.
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Our proposed method for monitoring of the material’s electrical conductivity is based
on the following principle: a faster expansion of the plasma channel diameter after the
breakdown of the dielectric strength occurs if a spark discharge takes place on a mate-
rial with good electrical conductivity and the plasma channel will expand more slowly if
the breakdown of the dielectric occurs on a material with lower electrical conductivity.
Direct measurement and analysis of the expansion of the plasma channel would be too
expensive in terms of computational time, equipment cost and memory requirements
for real-time application.
In our proposed method, the expansion rate of the plasma channel is indirectly taken
into account by comparing the rise time of the gap current after the breakdown of the
dielectric strength in real-time. In principle, the plasma channel diameter is expanded
with an increase of the gap current (Lee et al. 2004, Schulze et al. 2004). A fast rise
time in the gap current indicates that spark discharge is taking place on a material
with good electrical conductivity due to faster expansion of the plasma channel diam-
eter. The current pulse that occurs when it is eroded on a good electrical conductivity
material is defined as the high conductivity pulse. Similarly a low conductivity pulse
is a current pulse that occurs on a low electrical conductivity material. The eroded
material’s electrical conductivity can be identified by comparing its current rise time
with a predefined threshold. This threshold is defined as the material conductivity dis-
crimination threshold. A high conductivity pulse will be detected if its current rise time
is less than the material conductivity threshold. If the detected gap current rise time is
more than the material conductivity discrimination threshold, a low conductivity pulse
will be triggered.
Simulation techniques and results
For the purpose of validating our material’s electrical conductivity monitoring method,
a simulink model that represents our detection algorithm is constructed. Figure 4.7
shows the simulink model that was constructed for our simulation. In our simulation,
we used the gap voltage and current waveforms captured with a high speed oscilloscope
during spark erosion of a tool that contained both tungsten carbide material and PCD
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Figure 4.7: A Matlab Simulink model for simulating the material’s electrical
conductivity monitoring method.
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material. In order to ensure that our proposed method is computationally efficient, we
indirectly calculate the rise time of the gap current by numerically calculating the inte-
gral of the gap current value starting after the breakdown of the dielectric strength for
a fixed period of time. As shown in Figure 4.7, a low pass filter block is constructed to
remove the high frequency components that are incorporated in the input signal. The
integration of the filtered gap current signal is started after a gap current is detected
by the “CI EN” block. The detection of the gap current is accomplished by comparing
the filtered gap current signal with a gap current threshold of 1A. Upon receiving of
a reset signal from the reset signal block, integration of the filtered gap current signal
is stopped and the calculated value is latched in the memory. This latched current
integral value is then transferred to the material’s conductivity discrimination blocks,
namely “HCP discrimination” and “CP discrimination” for comparison. The result
from these conductivity discrimination blocks will then trigger their respective pulse
counters for accumulating of the number of detected pulse numbers in a simulation
cycle. This process continues in a loop until the simulation ends.
Figure 4.8 shows a trace of the simulated pulses obtained from our simulation. The top
plot in this figure represents the gap voltage and gap current waveform inputs into our
simulation model and the lower plot shows the results obtained after the simulation
was conducted. The red signal represents a detected low conductivity pulse whereas
the blue signal represents a detected high conductivity pulse. As shown in this fig-
ure, there are 11 high conductivity discharge pulses and 22 low conductivity discharge
pulses. These results show that our material conductivity monitoring method is ca-
pable of detecting the conductivity of the eroded material accurately in a simulation
environment.
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Figure 4.8: Results obtained from the Simulink simulation of material’s electrical
conductivity monitoring method.
4.3 Level 2 - Robust Spark Gap Distance Detection
In this section, we will propose a novel method for robust detection of the spark gap
distance in real-time application using the instantaneous gap voltage and current feed-
back signals that were discussed previously. We will then validate our proposed method
by constructing a Simulink model. The algorithm proposed in this section consists of
two parts that are referred to as:
 Open circuit pulse ratio detection, and
 Total discharge energy detection.
It is noted that with the aim of achieving a more robust spark gap distance detection
signal, the update period of this signal is relatively long compared to the discharge
pulse monitoring method. The open circuit pulse ratio detection method is aimed at
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measuring the spark gap distance when it is relatively large, and the total discharge
energy detection method is used to measure the change in spark gap distance when
the width of the gap is detected to be relatively small based on the information from
the open circuit pulse ratio detection. The details of these detection methods will be
described below.
4.3.1 Open circuit pulse ratio detection
As it was discussed earlier, the total number of discharge pulses that take place across
the spark gap highly depends on the spark gap distance. Larger spark gap distance
causes longer ignition delay time which results in reduction of discharge pulses. On the
other hand, more discharge pulses and shorter ignition delay time with reduced spark
gap distance.
Preliminary observation
Figure 4.9 shows an example of two oscilloscope traces that were captured with two
different spark gap distances. The top oscilloscope trace is captured for 30 milliseconds
with a narrow spark gap distance whereas the bottom trace illustrates the captured
gap voltage and current signals with a large spark gap distance. More discharge pulses
and shorter ignition delay times can be observed in the narrow spark gap distance os-
cilloscope trace as compared to the discharge pulses and ignition delay time that can
be observed from a large spark gap distance oscilloscope trace.
Based on this observation, we can conclude that the length of the total ignition delay
time and the total number of discharge pulses can be used as a good indicator for
determining the width of the spark gap distance.
Detection algorithm
The detection algorithm is presented in the flowchart shown in Figure 4.10. The ignition
delay time (Td1) is calculated by checking the measured gap voltage and gap current
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Figure 4.9: Oscilloscope traces for large and narrow spark gap distances.
level. If there is gap voltage but no the gap current, then the breakdown of the dielectric
has not occurred and the ignition delay time counter will be initiated. It is noted that
this ignition delay time will only be reset if the total time (Tt) is equal or larger than
K, where K is the level 2 control system update period. The number of open circuit
pulses (Pn4) is then calculated by dividing the ignition delay time with the summation
of the pulse on and off time. We can then calculate the open circuit pulse ratio (Pr4)
from equation (4.10).
Pr4 =
Pn4(k)
Pnt(k)
× 100% (4.10)
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Figure 4.10: flowchart for open circuit pulses calculation.
where Pn4 is the number of open circuit pulse and is given by
Pn4(k) =
∑N
j=0 Td1(j × sgn(Tt(j)))
Ton + Toff
(4.11)
where Ton and Toff are the input parameters entered by the operator and Td1 is the
counts during ignition delay time, sgn(Tt(j)) is given in Equation (4.4) and the total
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number of pulses Pnt is given by
Pnt(k) = Pn1(k) + Pn2(k) + Pn3(k) + Pn4(k) (4.12)
where
Pn1(k)= number of normal efficient pulses,
Pn2(k)= number of arcing pulses,
Pn3(k)= number of short circuit pulse and
Pn4(k)= number of open circuit pulse.
It is noted that the detection methods for Pn3 , Pn2 , Pn1 have already been discussed in
Section 4.2 and will not repeat it here again.
Detection results
Figure 4.11 illustrates an example of the open circuit pulse ratio and the average gap
voltage signal that were logged simultaneously. The open circuit pulse ratio signal
shown in this figure is computed in real-time, using the open circuit pulse detection
algorithm that was proposed. It is observed that the trend of the open circuit pulse
ratio signal as shown in the blue waveform of this figure is very similar to the trend
of the average gap voltage signal that is shown in the red colour waveform. As shown
in this figure, from 0 to 1.8 second, both the average gap voltage and the open circuit
pulse ratio signals remain at their highest saturation levels, indicating that the tool is
very far from the electrode wheel. After 1.8 second, both signals drop quickly to their
lowest saturation points, indicating that the tool is now physically in contact with the
electrode wheel. During this period, the tool is retracted away from the electrode wheel
with a large negative feedrate, causing these signals to raise up to their highest satura-
tion levels again. Starting from time = 2 second, the tool starts to close up the spark
gap, resulting in a slow reduction of the open circuit pulse ratio and the average gap
voltage until an optimum spark gap is achieved at 8 second.
The results illustrated in Figure 4.11 show that our proposed open circuit pulse ratio
is capable of measuring the relative spark gap distance. This open circuit pulse ratio
signal has a great advantage compared to the average gap voltage signal, in which the
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Figure 4.11: Average gap voltage vs open circuit pulse ratio
open circuit pulse ratio signal is not influenced by the variations in the input process
parameters and will always be within the range from 0 % to 100 %. However, it is noted
that there is only little difference between the reading obtained from the open circuit
pulse ratio signal for an optimum spark gap distance (OSG) and the reading obtained
for a short circuit spark gap distance (SCSG). Based on the open circuit pulse ratio
signal from Figure 4.11, only a small difference of 10 % can be observed. This is highly
undesirable for a robust gap control system, as OSG and SCSG are the most critical
regions that greatly affect the stability and efficiency of the erosion process. In order
to overcome this issue, we propose that the total discharge energy signal can provide a
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more robust signal for the spark gap controller while the erosion process is operating
in these OSG and SCSG regions.
4.3.2 Total discharge energy detection
Based on the experimental results achieved from Chapter 3, it is understood that the
rate of material removal from the tool surface and the electrode wheel surface is greatly
dependent on the level of the total discharge energy that is supplied from the power
supply to the spark gap. In other words, if the total discharge energy that is supplied
to the spark gap is large, more materials is removed from the tool and the electrode
wheel and vice versa. It is noted that this total discharge energy is different from
the discharge pulse energy in which the latter is the energy in a single pulse that is
controlled by the control system, whereas the total discharge energy is the sum of the
discharge pulse energy that is supplied from the generator within a specific period of
time, and it varies depending on a number of factors such as:
 Spark gap distance,
 types of tool’s materials, and
 detected pulse type.
Preliminary investigation
Figures 4.12 illustrates an example of two oscilloscope traces that were captured with
different spark gap distances. It is noted that although both oscilloscope traces are cap-
tured with different spark gaps, the difference between these spark gaps are minimum,
and there is little difference in the open circuit pulse ratio feedback signal as already
discussed previously. It is observed that the oscilloscope trace with the optimum spark
gap has a higher total discharge energy as compared to the oscilloscope trace with a
short circuit spark gap distance. This is because there are many normal efficient dis-
charge pulses that can be achieved with the optimum spark gap distance, but only a
few for the short circuit spark gap distance. As a result of the high total discharge
energy that is supplied from the generator, a large volume of material is removed from
the tool and the electrode wheel surface, thus a high rate of change in the spark gap
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Figure 4.12: Oscilloscope traces for optimum and short circuit spark gap distance.
distance can be expected. On the other hand, if there is a low discharge energy that is
supplied to the spark gap due to the conditions of the spark gap, a low rate of change
in the spark gap distance is expected as a result of the low removal efficiency of the
tool and electrode wheel materials.
Based on the above understanding, we conclude that the discharge energy that is sup-
plied from the generator can be used as an indicator to determine the rate of change
in the spark gap distance. The measurement of the rate of change in the spark gap
distance can then be used for the spark gap control system to regulate the spark gap
width at an optimum distance based on the following principles:
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 If the rate of change of the spark gap distance is high, the tool should be fed
towards the electrode wheel at a higher speed,
 if the rate of change is constant, no change in the tool feedrate is required, and
 the tool’s feedrate should be reduced or retracted from the electrode wheel if the
discharge energy is very low.
Detection algorithm
Figure 4.13 illustrates the proposed algorithm (equation 4.13) for the detection of the
total discharge energy signal. As is shown in this flowchart, the total discharge energy
is initiated by checking the input gap voltage and current signals. Once the gap current
is detected, the levels of the eroding voltage Ve(j) and current Ie(j) plus the duration of
the pulse on time (ton) are continuously being updated until the MOSFETs are switched
off. Once the MOSFETs are switched off, the average eroding voltage (Ve2), average
eroding current (Ie2) and the average duty cycle (τ2) and also number of discharge pulse
counter (j) are then updated. The total discharge energy (Et) will then be calculated
by:
Et(k) = Pe(k)× τ2(k)× Tt(j) (4.13)
where Pe(k) is the average eroding power and τ2(k) is the average duty cycle which are
defined in Equations (4.14 - 4.21).
Pe(k) = Ve2(k)× Ie2(k) (4.14)
where the average eroding voltage (Ve2) and average eroding current (Ie2) are given by
Ve2(k) =
∑N
j=0 Ve1(j × sgn(Tt(j)))
Pn5(k)
(4.15)
and
Ie2(k) =
∑N
j=0 Ie1(j × sgn(Tt(j)))
Pn5(k)
. (4.16)
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Figure 4.13: Flowchart of the total discharge energy detection.
In these equations, sgn(Tt(k)) is shown in Equation (4.4), Pn5(k), Ve1(j) and Ie1(j) are
given by
Pn5(k) = Pn1(k) + Pn2(k) + Pn3(k) (4.17)
and
Ve1(j) =
Vg(i) + Vg(i− 1) + .....Vg(i− (M(j)− 1))
M(j)
× sgn(Ig(i)) (4.18)
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and
Ie1(j) =
Ig(i) + Ig(i− 1) + .....Ig(i− (M(j)− 1))
M(j)
× sgn(Ig(i)) (4.19)
where
sgn(Ig(i)) =
{
1 if Ig(i) > 0
0 if Ig(i) > 0
(4.20)
where Vg is the measured gap voltage, Ig is the measured gap current, M is the max-
imum number of samples in a single pulse, j is the discharge pulse counter and i is
the number of input samples in a single discharge pulse. The average duty cycle (τ) in
Equation (4.13) is given by
τ(k) =
Ton3(k)
Ton3(k) + Toff3(k)
(4.21)
where average actual pulse on time Aton and average actual pulse off time Atoff are
given by
Ton3(k) =
∑N
j=0 Ton1(j × sgn(Tt(j)))
N
(4.22)
and
Toff3(k) =
∑N
j=0 Toff1(j × sgn(Tt(j)))
N
(4.23)
where Toff1 is the actual pulse off time in a single pulse and Ton1 is the actual pulse on
time in a single pulse and N is the maximum total number of pulses.
Substituting Equations (4.22) and (4.23) into Equation (4.21) results in
τ2(k) =
∑N
j=0 Ton1(j × sgn(Tt(j)))× 1N∑N
j=0 Ton1(j × sgn(Tt(j)))× 1N +
∑N
j=0 Toff1(j × sgn(Tt(j)))
(4.24)
It is noted that in the above equations for the total discharge energy, we have assumed
that the ignition delay time that takes place before spark discharge is equal to zero.
This is because based on our analysis that was discussed above, this ignition delay time
can add noise to the signal and potentially provides false information for the spark gap
controller. Furthermore, this total discharge energy signal is to be used together with
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Figure 4.14: Average gap voltage vs total discharge energy.
the open circuit pulse ratio signal for the spark gap controller, and the aim of this total
discharge energy signal is to provide the rate of change in the spark gap width while
the gap distance is already relatively small. In other words, the ignition delay time
that can be detected with this small gap distance has a very low value.
Detection results
Figure 4.14 shows an example of a comparison between an average gap voltage signal
and a total discharge energy signal calculated in real-time using the equations described
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above. These signals were captured right before the spark discharges are initiated at 2
second. As shown in this figure, the tool is immediately in contact with the electrode
wheel after the spark discharges are initiated. Although, both signals are reduced from
their highest saturation level to their minimum level, there is no obvious difference that
can be observed from the average gap voltage signal, whereas it is observed that there
is a slow increment of the total discharge energy signal starting from 2 second to 10 sec-
ond, indicating the material removal efficiency is slowly recovering to an optimum level.
By removing the ignition delay time in our total discharge pulse energy calculations, the
total discharge energy that is shown in this figure contains high levels of signal to noise
ratio as compared to the average gap voltage signal shown in the figure. This result
shows that the total discharge energy is able to detect the condition of the spark gap
when the gap width is relatively small compared to the noisy average gap voltage signal.
4.4 Level 3 - Spark Gap Status Detection
In section 4.3, we discussed our proposed method in Figure 4.13 for robust detection
of the spark gap distance. It is noted that this method is highly robust for detection
of the spark gap distance if the erosion area remains constant throughout the complete
process. The change in erosion area is minimal for 2 dimensional type erosion machines
such as die sinking EDM and WEDG, in which only a simple geometry can be eroded.
Therefore, the above detection method will perform well if it is implemented in this
type of erosion machines. However, this method is not sufficient for 3 dimensional
spark erosion machines such as 5 axes EDG with a rotating electrode. In this spark
erosion machine, the tool workpieces are normally very complex. Thus, the erosion
area can be continuously changing within 2 to 1000 times of the original erosion area
through-out the complete process. Therefore, it is important that the change in erosion
area is robustly detected and necessary corrective actions are implemented by the spark
gap distance controller. In Section 4.4.1, we propose a spark gap status Sg1 signal for
real-time detection of the change in erosion area.
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4.4.1 Detection algorithm
As shown in Figure 4.1, the spark gap status block utilises the output signals from the
spark gap condition monitoring block as a feedback signal to construct the spark gap
status signal. Recall that in this spark gap condition monitoring method, as discussed
in Section 4.2, each discharge pulse can be classified into three different types of pulses
namely:
 Normal efficient pulse Pt1 ,
 Harmful arcing pulse Pt2 , and
 Harmful Short circuit pulse Pt3 .
It is noted that the outputs of this discharge pulse monitoring block are multiple pulse
trains that are updated after each discharge pulse is completed, in which their updated
speeds are too fast to be useful for change in erosion area detection. In order to
overcome this issue, we calculate the ratio of the number of each pulse type to the total
number of detected pulses. The equations for calculating the ratio of each pulse type
are shown below:
Pr1(k) =
Pn1(k)
Pnt(k)
× 100% (4.25)
Pr2(k) =
Pn2(k)
Pnt(k)
× 100% (4.26)
Pr3(k) =
Pn3(k)
Pnt(k)
× 100% (4.27)
Pr4(k) =
Pn4(k)
Pnt(k)
× 100% (4.28)
where Pr1 is the normal efficient pulse ratio,Pr2 is the harmful arcing pulse ratio,Pr3 is
the harmful short circuit pulse ratio, and Pr4 is the inefficient open circuit pulse ratio.
Pn1 , Pn2 , Pn3 are number of normal efficient pulses, number of harmful arcing pulses and
number of short circuit pulses which were used in Equation (4.1,4.2,4.3) respectively.
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Pn4 is the number of open circuit pulses which is shown in Equation (4.11). Pnt is the
total number of detected pulses which is given by
Pnt(k) = Pn1(k) + Pn2(k) + Pn3(k) + Pn4(k) (4.29)
where k is the update period for calculating these detected pulse types ratios.
The spark gap status signal Sg1 that is updated at every k interval can then be calcu-
lated by
Sg1(k) = Pr4(k)− (K1)Pr3(k)− (K2)Pr2(k) (4.30)
where Sg1 ∈ [−100− 100]. Pr4 , Pr3 and Pr2 are defined in Equations ( 4.28, 4.26, 4.27)
respectively. K1 and K2 ∈ [0−1] are the constant parameters to determine the weight
of the harmful arcing pulse ratio and harmful short circuit pulse ratio required for the
spark gap status calculation.
It is noted that this spark gap status signal is updated at every k intervals where it can
be very noisy due to the stochastic nature of the erosion process. In order to achieve
a high quality signal for robust detection of the change in erosion area, we proposed
a strategy to utilise a digital low pass to limit the bandwidth of the spark gap status.
The filter can be implemented using the following equation:
Sg2(k) = α× Sg1(k) + (1− α)× Sg2(k − 1) (4.31)
where, Sg2 is the low pass filtered spark gap status, Sg1 is the unfiltered spark gap
status signal and
α =
2pifcTs
1 + 2pifcTs
(4.32)
where fc is the cut off frequency for this low pass filter and Ts is the sampling period
of the input signal.
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4.4.2 Detection results
Figure 4.15 illustrates an example of an average gap voltage signal and a spark gap
status signal that were logged simultaneously in real-time. As shown in this figure, the
average gap voltage signal ranges from 0 V to 120 V, whereas the spark gap status
signal ranges from -100 % to 100 %. A 120 V in average gap voltage signal or a 100 %
in spark gap status indicates that the tool is far away from the electrode wheel where
no or minimum sparks are detected. On the other hand, if the average gap voltage is
at 0 V or the spark gap status is at -100 %, the tool is physically in contact with the
electrode wheel.
As illustrated in Figure 4.15, there is a large drop in both the average gap voltage and
spark gap distance signals starting from Time = 60 seconds. This shows that there
is a large increase in erosion area resulting in a high percentage of the short circuit
pulse ratio to be detected by the discharge pulse monitoring algorithm. As it can be
observed from Figure 4.15, at 90 second, the spark gap status signal slowly increases
from -100 % indicating that the spark gap is slowly recovering from its short circuit
condition. It is noted that during the period from 90 second to 110 second, no change
can be observed in the average gap voltage signal, whereas, a slow increase can be
observed in the spark gap status signal during this period. This result shows that our
proposed spark gap status signal is more informative and useful than the average gap
voltage signal in terms of detecting the deterioration and recovery of the spark gap
conditions.
It is noted that our proposed spark gap status signal can potentially be very noisy due
to the stochastic nature of the erosion process. Figure 4.16 shows an example of a noisy
spark gap status signal (on the left) and a low pass filtered spark gap status signal (on
the right). As shown in this figure, the filtered signal is substantially “cleaner” than the
noisy spark gap status signal, and it can provide more accurate and robust information
about the rate of change in the erosion area for the adaptive gap controller which will
be discussed in Chapter 6.
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Figure 4.15: Average gap voltage signal vs spark gap status signal.
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Figure 4.16: Spark gap status signal vs low pass filtered spark gap status signal.
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4.5 Conclusions
This chapter discussed the problems that are encountered in the detection of the spark
gap conditions. Experimental investigations were conducted to analyse the needs for
robust detection of the erosion process in three different levels:
 Level 1 → Discharge pulse monitoring,
 Level 2 → Spark gap distance detection,
 Level 3 → Erosion area change detection.
In level 1, simulation results shows that the proposed spark gap detection algorithm is
capable of process the raw feedback gap voltage and gap current into 4 types of pulses.
Each type of pulse represents the condition of the spark, either it is touched with the
electrode wheel or the spark gap is badly contaminated with debris particle.
In level 2, experimental results shows that the proposed open circuit pulse ratio signal
has great advantage as compared to the average gap voltage signal in which the open
circuit pulse ratio signal is not dependant on the erosion parameters and is always
normalised within 0-100 %. Experimental results also shows that the total discharge
pulse energy contains high level of signal to noise ratio as compared to the average gap
voltage signal. This is favourable especially when the spark gap width is relatively small.
In level 3, a spark gap status signal is proposed for real-time detection of the change in
erosion area. Results shows that the spark gap status signal can provides more mean-
ingful information as compared to the average gap voltage in particular when there is a
change in the condition of the spark gap. As a result, this signal is useful for real-time
detection of the change in erosion area.
In summary, our results show that our proposed algorithms are highly robust in detect-
ing the condition of the erosion process in the aforementioned three different levels and
can achieve superior performance compared to the method designed based on using the
average gap voltage signal. It is noted that the algorithms discussed in this Chapter are
for processing the information about the erosion process in real-time. The discussion
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on how to use this information is outlined in Chapters 5 and 6.
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5.1 Introduction
In Chapter 4, 3 novel and effective algorithms were presented to detect the condition
of the spark gap during the erosion process. In this chapter, we present a novel method
to intelligently control the discharge pulses based on the detection signals provided by
the algorithm presented in Chapter 4. This chapter is presented in three parts. Our
proposed discharge pulse control algorithms will be discussed in the first part (Sec-
tion 5.3). In the second part (Section 5.4), we will present the experimental setup
devised to validate our proposed control algorithms in a real environment using a high
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Figure 5.1: Thermal damage on a PCD tool due to overheating by erosion process.
speed embedded processor. The results of the real-time implementation is discussed in
the third part of this chapter (Section 5.5).
5.2 Problem Motivation
The experimental investigations presented in Chapter 2 showed that the quality of the
produced tool and the cycle time are highly dependent on the spark erosion conditions.
Figure 5.1 shows an example of a failed eroded PCD tool caused by poor spark erosion
performance, in which a very rough surface (thermal damage surface) can be seen on
the surface of the PCD area. Occurrence of such thermal damage surfaces are due to
overheating of the tool surface caused by the uncontrolled heat generated during the
breakdown of the dielectric liquid in the gap.
In order to gain a better understanding of what causes thermal damage surfaces, we
had a close look at the surface shown in Figure 5.1 surface under a SEM microscope.
Figure 5.2 shows the image captured with a magnification of 25000 under a SEM micro-
scope. As it can be seen in this figure, large and deep craters are formed on the thermal
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Crater
Figure 5.2: An SEM image of a large crater caused by spark localisation.
damage surface. Such abnormal large and deep craters are created by continuous spark
localisation, in which the subsequent breakdown of the dielectric liquid occurs at the
same spot as previous spark discharge. Spark localisation occurs when the dielectric
strength of the previous spot is not completely recovered or the solidified molten ma-
terials are not efficiently removed from the created crater. Continuous occurrence of
spark localisation causes the extreme heat that was generated during spark discharge
to be transferred on the same spot of the surface of the tool. Indeed, insufficient cooling
time on the previously eroded spot causes the heat to be transferred to the deeper layer
of PCD material leading to thermal damage on the surface surface.
In Figure 5.1, no thermal damage surface is observed on the area with tungsten carbide
(WC) material of the tool even though both areas with PCD and WC material are
eroded simultaneously. This is because WC material has a better electrical conduc-
tivity than the PCD material, which leads to less spark localisations during the spark
erosion process. This is because in presence of a highly conductive material, there is lit-
tle difference difference between the spark gap conductivity (conductivity of the spark
gap including material’s electrical conductivity) of previously eroded location and the
un-eroded location. Thus, random spark locations are distributed uniformly on the tool
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surface and a better tool surface quality on the area with WC material can be achieved.
The presented finding shows that there is a need for an intelligent routine in the spark
erosion controller that is capable of monitoring the occurrence of spark localisations
and taking preventative actions to suppress them. Besides the need for monitoring
and control of spark localisation, we note that spark discharges with the same energy
supply from the voltage source can cause thermal damage on area with PCD material
but not on area with WC material. Therefore, a robust control method is required to
address the thermal damage problem on the surface area with PCD material.
5.3 Discharge Pulse Control Algorithms
In the previous chapter, we discussed the algorithm for monitoring of the spark gap
condition and for monitoring of the material’s electrical conductivity during spark ero-
sion process. In this section, discussion is focused on how to use these information to
control the energy of the discharge pulses.
5.3.1 Checking pulse switching sequences
There are four MOSFETs available in our EDG power module design. The voltage and
current rating for these four MOSFETs are shown in table 5.1. The functions of these
MOSFETs are as follows: short circuit MOSFET is used for detecting a short circuit
condition in the spark gap; finishing MOSFET is used for finishing operation where
only low current is required; ignition MOSFET is used for providing the high voltage
to the spark gap for dielectric breakdown during roughing operation; and discharge
MOSFET is used for supplying the current to the spark gap after the plasma channel
is established.
The switching sequence of these MOSFETs for a normal efficient discharge pulse is
shown in Figure 5.3. As shown in this figure, immediately after the end of the pulse
off time (Toff) of the previous discharge cycle, the short circuit MOSFET is switched
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Table 5.1: MOSFETs rating
MOSFETs Voltage Rating Current Rating
Short Circuit MOSFET 48 V 1.0 A
Finsihing MOSFET 120 V 0.5-3.5 A
Ignition MOSFET 300 V 0.1 A
Discharge MOSFET 48 V 0.5-23.5 A
Time (us)
Discharge MOSFET Switching Signal
Ignition MOSFET Switching Signal
SC MOSFET Switching Signal
Gap Current (A)
Gap Voltage (V)
48V
300V
25V
Ton (us) Toff (us)Td (us)Tc 1(us)
No current is detected during checking 
period high voltage gate signal should be 
turned on
0V
120V
Tc 2(us)
Finishing MOSFET Switching Signal
Figure 5.3: MOSFET switching sequence for a normal discharge pulse.
on for a very short period of time which is pre-defined by the user for checking short
circuit spark gap condition. This period of checking is denoted as TC1 . Upon detection
of a short circuit spark gap condition, all the MOSFETs that supply voltages across
the spark gap will be switched off to prevent further discharge from taking place in the
spark gap. Switching off of the MOSFETs are to prevent continuous production of the
137
5.3 Discharge Pulse Control Algorithms
debris particles that will cause a more severe short circuit spark gap condition to take
place on the subsequence discharge pulses.
On the other hand, if the tool is not touched with the electrode wheel or the spark gap
is not contaminated with debris particles, the finishing MOSFET will then be switched
on for supplying a higher voltage of 120V to the spark gap for a period of time which
is denoted by the TC2 parameter. The switching of this finishing MOSFET is used for
checking of the arcing spark gap condition before switching on of the ignition MOSFET
so that a higher voltage of 300V can be supplied to the spark gap for the breakdown of
the dielectric strength. If an arcing spark gap condition is triggered by the contamina-
tion of the debris particles, the ignition MOSFET will not be switched on, instead the
discharge MOSFET will be immediately turned on for supplying the required current
to the spark gap.
At the end of the pulse on time (Ton) period, all MOSFETs will be switched off for the
recovery of the dielectric strength. If an arcing or short circuit spark gap condition is
detected either during the TC1 , TC2 or the Ton period, the duration for the recovery of
the dielectric strength (Toff) will be automatically extended by twice of the previous
deionised duration so that extra time is provided for removal of the debris particles
from the spark gap. The extension of the dielectric strength recovery period also pre-
vents the subsequent spark discharge to take place on the same location,and localised
heating on the eroded tool surface is prevented.
5.3.2 Current accelerator
A current rise-time (Tdi/dt) is the period of time required for the current to flow through
the spark gap to reach its peak value after the breakdown of the dielectric strength.
A short current rise-time is normally desirable when a large pulse current value is se-
lected, so that the peak current in a discharge pulse can be achieved within the specific
duration. A current discharge pulse with a long rise-time results in reduction of the
material removal efficiency. A long current rise-time can be due to either a low elec-
trical conductivity of the tool’s material or large lead and source inductances that are
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induced in the circuit and prevent rapid changes in the current flowing through the
spark gap. During the design of our power module for the generator, we reduced the
lead and source inductance to their practical minimum.
In order to ensure that a short current rise time can always be achieved during spark
discharges for higher efficiency of material removal process, an algorithm is developed to
boost the current rise time, which can be referred to the current accelerator technique
in this thesis. This technique is based on modifying the sequence logic of MOSFET
switching in the system, as shown in Figure 5.4. It shows that in addition to ignition
MOSFET, the discharge and the finishing MOSFETs are switched on as well for speed-
ing up the breakdown of the dielectric strength. The purpose of switching these three
MOSFETs at the start of the discharge cycle is to avoid the propagation delay in these
MOSFETs switching time that may cause collapse of the plasma channel due to the
insufficient current that flow to the spark gap.
After creation of the plasma channel, the ignition MOSFET is switched off but the fin-
ishing and discharge MOSFETs remain switched on so that the spark gap can continue
drawing current from these MOSFETs. During this period, the total current that flows
through the spark gap will be the sum of the currents being that is supplied from the
finishing MOSFET and also the discharge MOSFET. By using this method, the total
current rise time can be significantly shortened compared to a single source of current
from the discharge MOSFET. An overshoot on the measured gap current may occur,
if the finishing MOSFET is not switched off after the gap current achieves its steady
state. In order to avoid this gap current overshoot issue, the spark erosion controller
constantly monitors the feedback signal of the gap current at a fast rate of one sample
per microsecond. Indeed, the finishing MOSFET is switched off once the feedback gap
current signal is measured above the pre-set pulse current value.
For the sake of validating the performance of this current accelerator method, we have
implemented this method in our discharge pulse control algorithm by using an em-
bedded high speed field programmable gate array (FPGA). Detailed experiment setup,
algorithm design and controller hardware design will be discussed in section 5.4 of this
chapter. Here we present the experimental results for creating a smooth logical flow
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Time (µs)
Discharge MOSFET 
Switching Signal
Ignition MOSFET 
Switching Signal
Gap Current (A)
Gap Voltage (V)
300V
25V
Ton (µs) Toff (µs)Td (µs)
0V
0A
Eroding voltage
Finishing MOSFET 
Switching Signal
Current Booster Time (µs)
Figure 5.4: MOSFET switching logic for current accelerator.
of the content for the reader. Figure 5.5 shows the result obtained after the imple-
mentation of this current accelerator method in a real-time application. It contains
two oscilloscope traces that are captured during spark discharges. The top oscilloscope
trace is captured before the implementation of the current accelerator.
As shown in this oscilloscope trace, a di/dt of 1.63 MA/s is obtained without imple-
mentation of current accelerator. The oscilloscope trace at the bottom of this figure
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Figure 5.5: Current accelerator results obtained before and after implementation
of the current accelerator feature in real-time control.
shows that a di/dtof 2.71MA/s is achieved after the implementation of this current
accelerator, showing 60 % improvement in current rise-time. It is noted that while the
current rise time is improved, this technique is still capable of maintaining the steady
state discharge current at the same level as the pre-set pulse current value.
5.3.3 Adaptive pulse energy control
The experimental results presented in Chapter 3 showed that a relatively long pulse on
time duration can create large size craters on the eroded surface of the tool. Surface
thermal damage was also observed on the tool eroded in the presence of a long pulse
on time. These issues are due to the fact that with a relatively long pulse on time
and, a relatively large amount of energy is discharged with each discharge pulse. The
discharged pulse energy is given by the integral of gap voltage and current during the
duration of the breakdown of the dielectric strength. Approximately, the discharged
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pulse energy (Ep) can also be calculated by multiplying the eroding Voltage (Ve1),
eroding current (Ie1) and the discharge duration for a single discharge cycle.
Ep ≈ Ve × Ie × Ton. (5.1)
Equation 5.1 is consistent with the understanding that a longer discharge duration re-
sults in higher discharge energy to be transferred to the spark gap even if the amount
of current that flows through the spark gap remains constant. Hence, the discharge
energy in each cycle will need to be properly controlled to avoid thermal damage to
the tool surface. As discussed in chapter 3, a typical discharge energy control method
is to control the discharge duration (from the start of the current flow through the
spark gap until the voltage supply is disrupted) based on the Ton parameter input from
the user. Every current pulse duration is controlled without considering the actual gap
current that is flowing through the spark gap. Due to its simplicity, this discharge pulse
control method is widely used in the industries. Each discharge energy can be roughly
controlled provided a constant current pulse shape can be achieved during spark ero-
sion. However, it was noted that a constant current pulse shape can only be achieved
if the eroded material is a good electrical conductor. Semi-conductive materials such
as PCD have random current pulse shapes due to the inconsistency in the distribution
of the cobalt material that render the electrical conductivity of the PCD tool material.
Therefore, a constant discharge energy cannot be properly maintained by controlling
only the width of the discharge pulse through the pulse on time parameter, when semi-
conductive material is used for spark erosion.
Control method
We propose a new method to control the discharge energy by automatically adjusting
the width of the discharge pulse in real- time based on the measured gap current
feedback signal. In our method, there is an integrator block that accumulates the
discharge current measurements. At any time n, this value is given by
It(n) =
n∑
k=1
Ig(k)× sgn(Ig(k)) (5.2)
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where
sgn(Ig(k)) =
{
1 if Ig(k) > 0
0 else
(5.3)
This discharge current integrator block is reading the measured feedback gap current
in every 1 µs. As shown in equation 5.2, this integrator block will only be updated if
the gap current (Ig) is positive. The result of the calculation will then be passed to an-
other block to be compared with the gap current integrator reference value (Itref ). This
reference value is set before the start of the spark erosion process, based on the pulse
current and the pulse on time parameters entered by the user. If the calculated gap
current integral value is smaller than the reference value, the MOSFETs that supply
the current to the spark gap remain switched on until the calculated current integrator
value is larger or equal to the reference value. The calculated integrator is reset to
zero once the gap current drops to zero. Figure 5.6 explains the switching logic of the
MOSFETs for controlling the discharge energy that is transferred to the spark gap by
example signals. As shown in this figure, the Ton will be extended if the gap current
is rising up slower than the rising rate predicted by the reference signal (Itref ) due to
a change in the electrical conductivity of the eroded material. Using this method, the
energy of every single pulse is controlled during spark erosion regardless of the rise-time
of current or electrical conductivity of the eroded material.
Although the above method is capable of controlling the discharge energy of every pulse
effectively, it does not adaptively adjust the discharge energy based on the electrical
conductivity of the eroded material directly. Another novel method to adaptively con-
trol the discharge energy has been developed in this research. It is based on directly
analysing the electrical conductivity of the eroded material using our previously pro-
posed method. This technique directly aims at avoiding thermal damages in eroded
PCD tools. As discussed in the previous chapter, thermal damage is caused by the
over removal of the cobalt binder from the structure of the PCD material, which re-
sults in easier dislodgement of diamond crystals due to lack of cobalt binders to retain
them in the tool. Cobalt binder and tungsten carbide have a better material removal
performance than the diamond crystals due to the difference in their material removal
mechanisms. As a result, more cobalt binder material will be removed from the eroded
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Time (µs)
Discharge MOSFET 
Switching Signal
Ignition MOSFET
Switching Signal
Gap Current (A)
Gap Voltage (V)
300V
25V
Ton (µs)Td (µs)
0V
0A
Extended Ton
Figure 5.6: Example signals showing MOSFET switching logic for discharge pulse
energy control.
surface than the diamond crystals, which will result in diamond dislodgement or de-
creasing in bulk electrical conductivity of the PCD material. Thermal damage and
wavy cutting edge of the eroded PCD tool are the side effects of over removal of the
cobalt binders from the PCD structure during spark erosion. Therefore, it is desirable
that the removed volume of the cobalt binder during the erosion process of the PCD
material is controlled by the pulse controller.
We propose a method to adaptively control the discharge energy by analysing the elec-
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trical conductivity of the eroded material for controlling the removal of cobalt binders
during PCD erosion. As it is noted before, cobalt binder and tungsten carbide ma-
terials have good electrical conductivity whereas diamond crystals are poor electrical
conductors. Therefore, we can identify the eroded material in each discharge pulses by
using the proposed material’s electrical conductivity monitoring method. Detection of
high conductivity discharge pulse indicates that the erosion is taking place either on
the tungsten carbide or cobalt material surface. On the other hand, detection of low
conductivity discharge pulse indicates that diamond crystal is being eroded.
Once we have identified the eroded material, we then control the removal of the ma-
terial in a discharge pulse by controlling its discharge energy that is supplied from the
generator to the spark gap. Upon detection of a high conductivity pulse, the pulse con-
troller will automatically control the discharge energy to a limit which is pre-defined by
the user so that less cobalt or WC material can be removed from the tool in a discharge
pulse. On the other hand, if a low conductivity pulse is detected, there will be no energy
limit being applied to the discharge pulse so that a normal material removal can be
achieved on diamond crystal. With the use of our proposed method, we are now able
to control the removal volume of the cobalt and tungsten carbide material so that dia-
mond dislodgement and thermal damage issues on an eroded PCD tool can be resolved.
5.3.4 Control result
Figure 5.7 shows the result of the implementation of this adaptive pulse energy control
method in a real-time control environment. As shown in this picture, the discharge
pulse on the left consists of a slow rising current which indicates this discharge taking
place on a low electrical conductive diamond crystal. The discharge pulse on the right
consists of a fast rising current, indicating a high electrical conductive cobalt or WC
material is being eroded. Our pulse energy control method causes a wider discharge
pulse width of 28 µs to be applied when eroding on the low conductive material (LC
Pulse), as no discharge energy limit is applied to this pulse for normal removal of the
diamond crystal on PCD material. On the other hand, a smaller discharge pulse width
of 12 µs is realised on the high conductive discharge pulse (HC Pulse) as an energy limit
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Figure 5.7: Adaptive discharge pulse energy achieved after implementation of the
adaptive pulse energy control method in real-time environment.
is applied by the pulse controller to control the removal volume of this high conductive
material which can be either WC material or cobalt binder, so that thermal damage of
diamond dislodgement on the eroded PCD tool can be avoided.
5.4 Real-time Discharge Pulse Monitor and Control
We presented the design of our pulse control algorithm in previous section. Practical
limitation of the algorithm in terms of hardware and software design for real-time con-
trol will be presented in this section. We used a standard AMD5000 drive controller
card as a base for our spark erosion controller. All the necessary hardware and software
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Table 5.2: Specifications for the two embedded processors that were used in spark erosion
control system.
Embedded Processor DSP FPGA
Model Number TMS320F28335 EP2C5T144
Clock Rate 150 MHz 75 MHz
Analogue Input 16 0
Digital Input /Output 88 158
components of this controller were modified to suit the requirements for our applica-
tion. This controller card contains two embedded high speed digital processors. One of
them is a digital signal processor (DSP) and the other is a field programmable gate ar-
ray (FPGA). The specifications of these two embedded processors are shows in table 5.2.
5.4.1 Hardware design
Before the controller card is used for our application, we investigated the data acqui-
sition capabilities of the controller card for the purpose of reading and processing of
the analogue gap voltage and current feedback signals. Sampling rate, data transfer
rate, filter bandwidth and detection delay are important factors that need to be consid-
ered for a high performance spark erosion system. The role and effect of these factors
mainly depend on how the analogue feedback signals are imported. Figure 5.8 shows an
overall block diagram for importing the gap voltage and current signals into the FPGA.
Design of anti-aliasing filter
The highest discharge pulse frequency that can occur in a spark erosion operation can
go up to 1 MHz. Therefore, we need a data acquisition clock frequency of at least 5 MHz
so that discharge pulses of 1 MHz can be achieved in our erosion system. As shown in
Figure 5.8, there are two anti-aliasing filters used before an analogue to digital converter
which limit the bandwidth of the input signals. Figure 5.9 shows the schematics of the
original anti-aliasing filters that were available within the controller board to limit the
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Figure 5.8: Schematic block diagram of data acquisition system
bandwidth of the input analogue signals. There are two analogue input channels used
for reading the gap voltage (GV) and another channel is used for gap current (GC).
Each analogue input channel is separated into two parts by a red line in Figure 5.9.
The one on the left is the anti-aliasing low pass filter and the other part on the right is
the driver for ADC. In order to calculate the bandwidth of these filters, we first need
to identify their cut off frequency(fc), a boundary beyond which the gap voltage or
current signals attenuate. The cut-off frequency is given by:
fc =
1
2piRC
=
1
2pi × 20kΩ× 4.7pF = 1.7MHz (5.4)
where
fc= Cut-off frequency, R= Resistance of a resistor, C= Capacitance of a capacitor.
The 1.7 MHz cut-off frequency indicates that all the frequency components of input
signals above 1.7 MHz will be attenuated. Thus, the input gap voltage and current
feedback signals read by the ADC will be distorted. In order to increase the cut-off
frequency, we replaced the 20 kΩ resistor with a 3.3 kΩ resistor and replaced the 4.7 pF
capacitor with a 3.3 pF capacitor. This achieved a cut-off frequency of 7.2 MHz, leaving
the input signals undistorted at frequencies up to 5 MHz. For the sake of comparing
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Figure 5.9: Schematic of the original anti-aliasing LPF.
the performance of this anti-aliasing filter with different cut-off frequency, we input a
1 MHz pulse signal generated from a waveform generator into the input pins of this
filter. The output signal of the filter is measured by using an oscilloscope. Figure 5.10
shows the comparison of both input and output signals with two different cut-off fre-
quencies of the anti-aliasing low pass filter. The yellow trace is the signal generated
by the waveform generator, and the green trace indicates the output signal from the
anti-aliasing low pass filter. It is observed that the output signal is badly distorted
with the 1.7 MHz cut-off frequency anti-aliasing filter. Indeed it is too distorted to be
useful for control purposes. With an anti-aliasing filter cut-off frequency of 7.2 MHz,
an almost undistorted signal is realised at the output of the filter but with a relatively
small delay in the output signal but is acceptable for this application.
Design of analogue to digital converter
With the increased cur-off frequency, the analogue gap voltage and current signals
could be properly imported to the analogue input pins of our DSP processor. The DSP
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Figure 5.10: Comparison of the filtered signal with two different cut-off frequency.
contains an on-board ADC chip that is able to convert the two analogue signals to digital
at a maximum rate of 8.33 million samples per second (sample time of 120 ns). This
converted data is then transferred to the FPGA for fast processing. In order to minimise
usage of the CPU resources in the DSP, we utilise a direct memory access (DMA)
module that is already available in the DSP. This DMA module provides an independent
hardware to transfer data between the ADC module and the external memory without
interrupting the CPU, using the “ping-pong” multiple buffering method.
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Figure 5.11: ADC update rate at FPGA.
Figure 5.11 shows an oscilloscope trace indicating the fastest ADC update rate that
can be achieved at FPGA. The detailed description of the traces shown in this figure
are as below:
 Yellow trace → Input signal generated from a waveform generator to the input
pins of the controller card.
 Green trace → Filtered signal from the anti-aliasing low pass filter.
 Blue trace → A trigger signal created from the FPGA once a new ADC data is
received from the DSP.
 Pink trace → A digital output signal from FPGA indicating that the received
data is higher than a threshold.
It was observed that a new ADC data is received at the FPGA from the DSP in every
120ns by using the DMA for data transfer. It is also noted that 4 samples of delay can
be expected after the rise and fall of the filtered signal (green trace) and the generation
of a “high” and “low” digital signal from the FPGA (red trace). This is due to the time
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required for converting the analogue input signal to a digital data and the time required
for transferring this data to the FPGA via DMA. This is the practical limitation of this
topology and therefore achieving of a delay time shorter than 400 ns is not practically
possible by using this hardware design.
Analogue high speed comparator for current detection
A time delay of 400 ns between the rise of the analogue input signal to the detection
of the data received at FPGA is not acceptable especially when a discharge pulse du-
ration of 500 ns is required. Indeed, extra 400 ns of detection delay will result in an
extra response time required for the pulse controller to send switching commands to
the respective MOSFETs. In order to minimise the delay time, we used an additional
analogue comparator for very fast current detection as shown in Figure 5.8. The cur-
rent threshold for this comparator is set to be 0.7 A equivalent to the actual current
that would flow through the spark gap. The digital output signal of this comparator is
fed directly into the input pin of the FPGA.
Figure 5.12 shows the maximum delay time that is required for the detection of the
gap current signal. The blue trace shows the actual gap current that flows through the
spark gap measured by a Tektronix current probe and the red trace shows the digital
signal generated by the high speed comparator upon detection of the measured gap
current being above a threshold of 0.7 A. A maximum detection delay of 170 ns can
be observed with the use of this topology which is a significant improvement of 230 ns
achieved compared to the original 400 ns detection delay.
5.4.2 Software architecture design
This section presents the software architecture we have devised for real-time imple-
mentation of our discharge pulse monitoring and control algorithm. As shown in Fig-
ure 5.13, algorithms dedicated to pulse monitoring and control are implemented in
FPGA. This is because FPGA has the advantage of parallel processing which gives rise
to very fast processing compared to the DSP especially for controlling its input and
output signals at the hardware level. Indeed, the FPGA is commonly used for low level
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Figure 5.12: Maximum current detection delay using a high speed comparator.
control applications such as controlling the switching of MOSFETs.
As shown in Figure 5.13, the filtered analogue gap voltage and current signals are fed
into the analogue input pins of the DSP. The on board ADC simultaneously converts
the input analogue gap voltage and current signals at a rate of 8.33 million samples per
second for both channels. This ADC is configured for uninterrupted conversion mode,
in which the ADC will continuously convert the input signals at the fastest rate without
a “ start of conversion” trigger signal from the processor. After each conversion, the
digital data are stored in registers accessible by both the central processing unit (CPU)
and the direct memory access (DMA). An “end of conversion” (EOC) signal is gener-
ated after each conversion of the analogue signal is completed by the ADC. This trigger
signal is sent to the DMA. Upon receiving of this signal, the DMA starts transferring
the data from the ADC registers to the external memory buffer via the special DMA
bus. The DMA takes 60 ns to transfer a single pack of data to the external memory
buffer. There is a feature in the DSP called the “external memory interface” (XINTF)
which controls the traffic in the address and data buses. We configured this XINTF in
such a way that the DSP is able to transfer the data to the external memory (in our
case, the FPGA) at the fastest rate, which is 50 ns per transfer. It is also configured
so that the DMA has the priority to access the external address and data buses over
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the CPU. The DMA can write to a buffer in the XINTF if the data or address bus is
being accessed, so that the DMA transfer is not slowed down by the congestion of the
buses. The FPGA then writes the received data to a specific variable by matching the
address information received from the DSP.
As shown in Figure 5.13, in the FPGA, the gap voltage and current data are first read
by the signal processing block, where an average eroding voltage signal is computed for
every discharge pulse based on the received gap voltage and current data. This average
eroding voltage is then passed to the pulse discrimination block for further processing.
It is noted that at the top of the block diagram, there is a current detect logic input
fed directly into the FPGA. This is the signal generated from the analogue high speed
comparator to identify the flow of the current through the spark gap. This signal is fed
into a “current pulse train” block. The purpose of this block is to avoid false detection
of the current that is flowing through the spark gap as a result of excessive noise in
the gap current signal. A debounce filter is implemented in this block with the aim of
removing the false alarms caused by excessive noise in the gap current signal during
the erosion process.
As shown in Figure 5.13, in the FPGA the output of the current pulse train is fed into
the pulse discrimination and pulse energy control blocks. The spark gap monitoring
method, discussed in the previous chapter, is implemented in the pulse discrimination
block. A pulse type of either open circuit, arcing, short circuit or normal efficient pulse
is for every discharge pulse that occurs in the spark gap. This generated pulse type
is fed into the pulse controller block for the required control action. The “MC pulse
discrimination” block contains an algorithm for monitoring of the eroded material’s
electrical conductivity. The aim of this algorithm is to distinguish the discharge pulse
that is taking place on a high electrical conductivity material or a low electrical con-
ductivity material. The result of this “MC pulse discrimination” block is fed into the
“pulse energy control block” for undertaking any required control action. This pulse
energy control block is capable of adaptive control of the discharge pulse energy based
on the results obtained from the MC pulse discrimination block. If the discharge en-
ergy that is transferred to the spark gap reaches its threshold, a pulse on time interrupt
signal will be sent to the pulse controller for switching off of the respective MOSFETs.
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The main function of this pulse controller block is for controlling the switching of the
MOSFETs based on the pulse type received from the pulse discrimination block and
also the pulse on time interrupt signal received from the pulse energy control block.
The discharge pulse will be interrupted, once all the MOSFETs are switched off.
In our control design, we have selected a high performance FPGA and DSP for the
application. The selected FPGA is configured to operate at a rate of 75 MHz. This
means that all the above mentioned signal processing and control algorithms can be
executed in parallel at a clock cycle time of 13.33 ns. With the help of this high per-
formance hardware, we are now able to control the eroding process in real-time. It is
important to note that the software architecture presented here is novel and no similar
method has been published or implemented for spark erosion control.
5.5 Experimental Design and Algorithm Verification
5.5.1 Simulated gap voltage and current signal
Before we test our proposed method for spark erosion in practice, we verify its per-
formance with simulated gap voltage and current signals. We generate four difference
types of pulses that represent four different spark gap conditions using a Lecroy LW420
arbitrary waveform generator. The aim of the test is to verify that our proposed method
is capable of detecting these four types of pulses accurately. We also investigated the
detection accuracy of the pulse types by examining the control action commands issued
by the controller. A 500 MHz Lecroy 6050 oscilloscope was used to capture the results
obtained during these tests.
Figure 5.14 shows examples of oscilloscope traces that were captured during the tests.
The green and yellow waveforms shown in the oscilloscope traces represent the signals
generated from the arbitrary waveform generator. The green waveform represents the
gap voltage whereas the red waveform represents the gap current and the yellow wave-
form represents the MOSFET commands generated by the control system. As shown in
this figure, the first left oscilloscope trace is captured while we are generating a normal
156
5.5 Experimental Design and Algorithm Verification
Normal Pulses Arcing Pulses
Normal to Arcing Pulses Short Circuit Pulses
Simulated Gap Voltage Simulated Gap Current Fet Cmd Signal
Figure 5.14: Simulated gap voltage and gap current.
efficient pulse. It is observed that as soon as the MOSFET command signal goes from
low (0V) to high (3V) the green signal rises up from 0V to 600mV which is equivalent
to 120 V on the spark gap until the current rises up. Simultaneously, when the current
(green waveform) starts to rise, the gap voltage is dropped to a value of 200 mV (equiv-
alent to 40V on the gap). Normal efficient pulses are detected as the burning voltage
is above the pre-set normal efficient threshold of 180mV. It is also observed that as a
result of detection of normal efficient pulse, the pulse off time is not extended.
157
5.5 Experimental Design and Algorithm Verification
The oscilloscope trace on the top right in Figure 5.14 shows the result obtained when
arcing pulses are generated from the arbitrary waveform generator. It is observed that
the ignition delay time of these arcing pulses are shorter than the normal efficient pulses
from the top left oscilloscope trace and the eroding voltage for arcing pulses are also
lower than the normal efficient pulses. It is also noted that these arcing pulses off times
are extended to four times the off time of the normal efficient pulses. This pulse off
time extension is the control action executed by the pulse controller as a result of arcing
pulse detection.
During spark erosion, there are also cases where a normal discharge pulse can be trans-
formed into an arcing pulse. The lower left oscilloscope trace in Figure 5.14 shows
discharge pulses that are transformed into arcing pulses from a normal efficient pulses.
As shown in this oscilloscope trace, the eroding voltages of these discharge pulses drop
to an arcing pulse eroding voltage. It is observed that the control system is detecting
these pulses as harmful pulses with the evidence from the extension of their pulse off
times. The last oscilloscope trace on the bottom right of Figure 5.14 illustrates short
circuit pulses that are generated from the arbitrary waveform generator. It is observed
that although zero gap voltage is measured by the oscilloscope, there are very short
current pulses. This is due to the control action executed by the pulse controller as a
result of short circuit pulse detection. The switching commands to the MOSFETs are
immediately turned off after detection of short circuit pulses.
The results obtained from this experiment demonstrate that:
 Our spark gap monitoring method is capable of detecting different types of pulses
when simulated gap voltage and current signals are used.
 Our designed embedded software architecture is able to acquire the data at a rate
sufficient for real-time applications.
5.5.2 Experimental setup
In order to evaluate the performance of our proposed methods in real-time applications,
we have conducted a series of carefully designed experiments by implementing the
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software architecture and controller hardware discussed in previous section. Three sets
of experiments were conducted with the following objectives:
 To evaluate the performance of the proposed spark gap monitoring method in
real-time application.
 To verify the performance of pulse control algorithm for controlling the density
of the debris in the spark gap.
 To verify the improvement of the tool’s cutting edge quality obtained with the
implementation of the proposed adaptive pulse energy control as compared to the
traditional control method.
The first set of experiments was conducted using the same experimental setup as ex-
plained in chapter 3. The same type of PCD drill with tungsten carbide backing was
used as a workpiece for this test. All the tool types and machine conditions were the
same, except that we implemented the proposed discharge pulse monitoring and con-
trol algorithms in the control system. During the spark erosion process, gap voltage
and current waveforms were captured with a high speed oscilloscope. Table 5.3 shows
the EDG process parameters that were used in this experiment. The same average
gap voltage spark gap controller was used for this experiment, but we adjusted it’s
parameters for achieving a small gap distance between the tool and the electrode wheel
with the aim of creating more arcing and short circuit pulses during the erosion process.
The next set of experiments were conducted to verify the performance of pulse control
algorithm for controlling the density of debris in the spark gap. To achieve this target,
we override the operation of the spark gap controller by manually feeding the tool to-
wards the electrode wheel by using the MPG function. The proposed discharge pulse
monitoring and control algorithms were also implemented for this set of experiments.
With these newly implemented algorithms, we were able to compute and log the statis-
tics of the detected type of pulses at a rate of one sample for every 4 ms, including the
open circuit pulse ratio, normal efficient pulse ratio, arcing pulse ratio and the short
circuit pulse ratio. During this experiment, the other variables such as average gap
voltage and x-axis position were also logged for the purpose of comparing the results
with those obtained from previous experiments. We started logging these variables at
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Table 5.3: EDG process parameters used for spark gap monitoring
EDG Process Parameters Parameters
Open Circuit Voltage (Voc) [V] 300V
Pulse Current [A] 12A
Pulse On Time [µs] 40 [µs]
Pulse Off Time [µs] 40 [µs]
Electrode wheel surface speed [m/s] 1.5 m/s
Electrode wheel rotating direction CW
Electrode wheel polarity [+/-] +
the start of the experiment. We slowly moved the tool towards the electrode wheel
with 1 µm until the tool touched the electrode wheel. The tool was deemed to be in
contact with the electrode wheel when the average gap voltage feedback signal on the
human machine interface (HMI) dropped to zero. Once the voltage dropped to zero,
we continued feeding the tool towards the electrode wheel for another 5 µm to ensure a
full contact of the tool and the electrode wheel was achieved. We then stopped moving
the tool until the average gap voltage rised to its open circuit voltage value.
The last set of experiments was conducted for the sake of validating the performance
of the proposed adaptive pulse energy control via examining the cutting edge quality
of the eroded tool. The same experiment conditions as the first set of experiments was
used for this experiment, except that we disabled the adaptive pulse energy control
algorithm in the middle of the cycle, so that two different cutting edge qualities can be
created on the same tool. One of this tool’s cutting edge is created with the adaptive
pulse energy enabled and another with the adaptive pulse energy disabled. The eroded
tool’s cutting edge is then measured with an optical microscope.
5.5.3 Results and Discussion
Figures 5.15 and 5.16 are oscilloscope traces captured during the first set of experi-
ments. Figure 5.15 illustrates short circuit spark gap condition that has been detected
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Figure 5.15: Detected short circuit pulses in real-time application.
by the controller. As shown in this figure, there are four continuous short circuit pulses
detected from 0 µs to 800 µs. These short circuit pulses occur due to the fact that we
adjusted the spark gap controller parameters to lead to a smaller spark gap distance
between the tool and the electrode. As a result, the removal efficiency of the debris
particles from the spark gap was reduced and the density of debris particles in the
spark gap increased. Thus, a more frequent short circuit and arcing discharge pulses
were expected to be detected by the controller.
As shown in this figure, these short circuit pulses are detected during the checking
period of TC1 where a low voltage of 48 V is supplied to the spark gap for a very
short period of time (we used 1 µs in these experiments). It is observed that although
this voltage is relatively low compared to the normal open circuit voltage (300 V in
this case) used for the breakdown of the dielectric strength, a current of 1 A is still
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Figure 5.16: Detected normal efficient and arcing pulses in real-time application.
detected during this period, indicating that the spark gap is fully contaminated with
high density of debris particles forming a bridge that allows current to flow through the
electrode wheel and the tool without a plasma channel being formed. Upon detection
of these short circuit pulses, the pulse controller halts the supply of the high voltage
to the spark gap to prevent further generation of debris particles. The pulse off time
(Toff) is also automatically extended to allow extra time for the debris particles to be
removed out of the spark gap. The Toff continues extending when short circuit pulses
are continuously detected by the pulse controller.
Figure 5.16 illustrates a combination of arcing and normal efficient pulses that are de-
tected when the spark gap is not highly contaminated with the debris particles. As
shown in this figure, there are three normal efficient pulses and one arcing pulse de-
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tected from the period of 0 µs to 200 µs by the controller. When the period of (Toff)
is the same as the current discharge period, a normal efficient pulse is detected by the
controller. It is observed that a short ignition delay time is present in each of these
detected normal efficient pulses. During the ignition delay time, the gap voltage is
ramped up to its open circuit voltage to increase the electron avalanches occurring in
the spark gap until a breakdown of the dielectric strength is achieved.
The second current pulse illustrated in Figure 5.16 is an arcing pulse as detected by the
controller. This arcing pulse detection is evidenced by observing the extension of the
pulse off time after its current pulse duration expired. It is important to note that this
arcing pulse is detected both during the checking phase and during the discharge phase.
During the checking phase, a current rise is observed immediately after a medium volt-
age (120 V in this case) is supplied to the spark gap, indicating that the plasma channel
is formed without excessive electron avalanches with the dielectric molecules. This eas-
ier formation of plasma channel is caused either by a large amount of debris particles
being present in the spark gap that helps to reduce the spark gap conductivity, or due
to the dielectric strength being not fully recovered from the previous current discharge
due to insufficient pulse off time. Immediately after the detection of an arcing pulse,
the control system automatically extends the pulse off time period to remove the debris
particles out of the gap and at the same time to allow the recovery of the dielectric
strength.
Figures 5.17 and 5.18 show the results logged in the second set of experiment. As dis-
cussed previously, variables such as X-axis position, average gap voltage and statistics
of pulse type ratios were logged simultaneously while the experiment was conducted.
Figure 5.17 presents the recorded logged X-axis position (blue) and average gap volt-
age data (red). The statistics of the detected pulse type ratios are illustrated in Fig-
ure 5.18. As shown in this figure, there are four coloured waveforms indicating four
types of pulses that were detected during spark erosion. The blue waveform is the ineffi-
cient open circuit pulse ratio (Pr4) detected by the controller, the green waveform is the
most desirable normal efficient pulse ratio (Pr1), the undesirable arcing pulse ratio (Pr2)
is shown in grey, and the most harmful short circuit pulse ratio (Pr3) is shown in the red.
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Figure 5.17: Average gap voltage and X-axis position.
As shown in Figure 5.17 that during the period of zero to two seconds, the tool re-
mains stationary with a relatively large spark gap distance from the electrode wheel.
As a result, the open circuit pulse ratio is close to 100% and the average gap voltage
signal is also close to its open circuit voltage (120 V in this case). From 2 seconds,
the tool is fed towards the electrode wheel. It is observed in Figure 5.17, during this
period, the open circuit pulse ratio starts to decrease while the normal efficient pulse
ratio increases. The arcing pulse and short circuit pulse ratios remain close to zero.
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Figure 5.18: Statistics of detected pulse type ratio.
It is also observed that during this period the average gap voltage starts to decrease
from its open circuit value, indicating more discharge pulses taking place as we reduce
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the spark gap distance between the tool and the electrode wheel. At time = 4 s, the
average gap voltage drops to zero within a few milliseconds, indicating that the debris
particles are not able to be removed out of the gap due to relatively small spark gap
distance. During the period of 4-5 seconds, open circuit pulse ratio gradually drops to
zero, followed by the normal efficient pulse ratio. At the start of this period, there is a
sudden increase in arcing pulse ratio indicating a very high density of debris particles
trapped in the spark gap, but the arcing pulse ratio starts to drop when short circuit
pulse ratio continue to increase above 50 %. At time = 5 s, the short circuit pulse ratio
ramps up to 100 % indicating that the tool is fully in contact with the electrode wheel.
As shown in Figure 5.17, after time = 5 s, there is no change in the position of the
X-axis (tool). From the period of Time = 5 - 9 s, although the average gap voltage
remains at zero, the spark gap condition slowly recovers from the extreme short circuit
condition. The recovery of the spark gap condition is evidenced by the decreasing of
the detected short circuit pulse ratio and the increase in the arcing pulse ratio as shown
in Figure 5.18. The arcing pulse ratio continues to ramp up until the desirable normal
efficient pulse ratio starts to increase from zero indicating the spark gap condition is
slowly recovering from extreme short circuit condition to an arcing gap condition then
to a desirable normal efficient spark gap condition and eventually to an open circuit
spark gap condition.
Figure 5.19 illustrates the cutting edge quality of an eroded tool that was measured by
an optical microscope. This tool is eroded using the experiment procedures discussed
in previous section. The aim of this experiment is to verify the performance of the
proposed adaptive pulse energy control method compared to the conventional pulse
on time control method. As shown in this figure, the darker part consists of the PCD
material whereas the lighter part consists of WC material. The lower part of the eroded
area is the eroded surface achieved with the adaptive pulse energy algorithm enabled
and the top part of the eroded area is when the adaptive pulse energy algorithm is
disabled.
It is observed that a better surface finish can be achieved with the implementation of
the adaptive pulse energy control algorithm compared to the surface quality achieved
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Figure 5.19: Tool quality achieved by adaptive pulse energy control algorithm vs
pulse on time control algorithm.
without this algorithm. A sharp cutting edge can also be seen on the edge created via
erosion with the adaptive pulse energy control algorithm switched on compared to a
wavy cutting edge created with the conventional pulse on time control algorithm. It is
also observed that the depth of undercut between the PCD and WC materials transi-
tion area is more shallow than the undercut depth created during erosion without the
adaptive pulse energy control.
5.6 Conclusions
This chapter presented the problem encountered when the energy of a discharge pulse
is not properly controlled. We also discuss the need for an intelligent routine in the
discharge pulse control that is capable of preventing spark localisation and overheating
of the PCD material.
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Novel discharge pulse control algorithms are then proposed (in Section 5.3) for con-
trolling the switching of the voltage that is supplied to the spark gap. The proposed
discharge pulse control algorithms can be separated into three sequences which are the
checking pulse switching sequences (in Section 5.3.1), the current accelerator (in Sec-
tion 5.3.2) and the adaptive pulse energy control(in Section 5.3.3). We then presented
how we implemented our proposed algorithms in an embedded process and verified
real-time control to verify the performance of our discharge pulse control algorithms.
The results show that the proposed discharge pulse monitoring and control algorithms
significantly improves the erosion process performance in the following aspects:
 Robust spark gap monitoring → The spark gap monitoring method that is pro-
posed is Chapter 4, is highly robust. It can detect the actual spark gap condition
accurately at a very fast rate. The statistical information of the different pulse
type ratios provide more insightful and accurate information about the spark gap
conditions compared to the average gap voltage which is widely used by the in-
dustry for spark gap monitoring.
 Erosion process stability → The proposed discharge pulse control methods are
able to stabilise the erosion process by preventing the over production of the
debris particles in the spark gap. As a result, the spark gap condition can be
automatically recovered from the extreme short circuit spark gap condition. It
should be noted that this extreme short circuit spark gap condition cannot be
normally recovered without retracting the tool from the electrode wheel, if tradi-
tional pulse control methods are used.
 Efficient spark gap monitoring method → The proposed spark gap monitoring
methods are computationally cheap and memory efficient and can be implemented
in a wide range of embedded processors such as FPGA and DSP for real-time
monitoring.
 Intelligent discharge pulse energy control → The proposed discharge pulse control
methods are able to produce a better tool quality with sharp and tough cutting
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edge by intelligently control the discharge pulse energy to prevent overheating of
the PCD tool.
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6.1 Introduction
In chapter 5, we proposed methods for efficient control of each individual discharge
pulse during SEP. Although the spark erosion process has been monitored closely,
the stability and the efficiency of the erosion process is still questionable and needs
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investigation. A new spark gap control method is proposed in this chapter to resolve
the instability problem of the erosion process that is caused by poor performance of
the spark gap controller for maintaining the optimum spark gap distance. This chapter
consists of four sections. The first section discusses an urgent need for a robust spark
gap controller and its control objectives. Based on the need and objectives outlined in
section 1, novel spark gap control algorithms are proposed in sections 2 and 3. Section
2 presents a nonlinear spark gap distance control algorithm using the level-2 gap status
detection presented in Chapter 4. An adaptive spark gap distance control algorithm
using level 3 spark gap status detection is proposed in section 3. Experimental design
and validation of the proposed methods in a real-time environment are presented and
discussed in section 4.
6.2 Problem Motivation
Consider an erosion application where, spark discharges occur only within a gap of
0.005 mm to 0.01 mm between the tool and electrode wheel, with the gap distance
depending on the process parameters. Control of this spark gap within the specified
distance has been a challenging task for researchers. The spark erosion process is known
to involve complex and time-varying phenomena that are difficult to accurately detect
and control with traditional control methods. Random changes in the erosion area for
complex tool geometry erosion is also another contributing factor to the difficulty in
controlling the erosion process. Jitter in the spark gap control system is a common
problem that widely occurs in commercial spark erosion machines. Experts in spark
erosion technology have demonstrated that effective control of the spark gap distance
by removing the jitter can significantly improve the efficiency of the spark erosion pro-
cess (Fujiki et al. 2011b, Furlan and Balemi 2012b). Thus, maintaining the spark gap
distance at an optimum distance is a critical task that needs to be considered for any
spark erosion system design.
It is also understood that complex geometry tools such as drills, end mill ,compres-
sion routers and saw blades are commonly manufactured using a 5 axes spark erosion
machines. Figure 6.1 illustrates an example of the change in erosion area that is en-
countered during erosion of a drill. As shown in this figure, there is a large change in
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Figure 6.1: An example of change in erosion area during erosion process.
the geometry of this drill after erosion is completed as compared to the initial geometry
before erosion is initiated. The erosion area that is perpendicular to the electrode wheel
is slowly increased during the erosion process.
Figure 6.2 shows a logged average gap voltage signal during an experiment involving
a step change in the erosion area. As shown in this figure, at 10 seconds the erosion
erosion started and manage to maintains a stable erosion process until 42 seconds. After
42 seconds, the erosion process become very unstable and starts to oscillate between a
short circuit and open circuit spark gap condition due to the sudden change in erosion
area. Such an unstable erosion process will normally results in a significant drop of the
material removal efficiency.
Highest material removal efficiency is achieved when a stable erosion process can be
realised. To achieve this target, the spark gap distance need to be properly control
in such a way that it is not too large where no material removal is taking place and
not too small so that creating thermal damage on the surface of the tool due to high
volume of debris particles in a very small gap distance. Another challenging task for
the robust control of the spark gap distance is that the distance of the spark gap cannot
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Figure 6.2: Instability of average gap voltage feedback signal after a step increase
of erosion area.
be measured directly. It is not practically possible to install a sensor between the tool
and the electrode wheel. Furthermore, due to the time-varying phenomena that are
involved in a spark erosion process, an “optimum” spark gap distance is not fixed at a
specific distance but rather varies according to the condition of the erosion process. As
a result, a high performance spark gap distance controller that is highly responsive to
the disturbances such as change in gap conditions and change in erosion area is vital
for a high performance spark erosion system.
6.3 Control Objectives
As mentioned earlier, the main control objective of the spark gap distance controller
is to maintain the spark gap distance at an optimum level. Any unstable spark gap
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condition will need to be recovered as quickly as possible. Examples of such conditions
include open circuit arcing or short circuit which can happen due to:
1. the change in erosion area,
2. the tool is feeding faster than the rate of gap enlargement,
3. the erosion rate is faster than the feeding rate,
4. accumulation of debris particles which bridge the inter-electrode gap distance,
5. fluctuation in erosion efficiency,
6. change in the condition of the electrode wheel,
7. change in the tool’s material properties,
8. change in the tool geometry,
9. inconsistency of dielectric flow rate.
Whenever the spark gap distance is detected to be too small for an optimum erosion
process, the tool is required to be pulled away from the electrode wheel as fast as pos-
sible but not too far, and in such a way that optimum erosion process can be achieved
without stopping of spark discharges. On the other hand, if the spark gap distance is
detected to be too large for an optimum erosion, the tool is required to be fed towards
the electrode wheel as fast as possible but not too fast that may cause short circuit.
Due to the importance of the spark gap controller, it is carefully designed such that
the following conditions are met:
1. The spark erosion process must be globally stable in the sense that all variables
in the system must be uniformly bounded,
2. the condition of the spark gap can be accurately and reliably detected,
3. the feedback signal should be controlled as close as possible to the set values
under the constraints as stated in condition (1),
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4. harmful spark gap conditions such as short circuit should be able to recover as
soon as possible under the constraint stated in condition (1),
5. unstable erosion process caused by changes in erosion area should be able to
recover as soon as possible under the constraint stated in condition (1),
6. the controller should be highly responsive to the stochastic and time-varying
disturbances that are added to the system under the constraint stated condition
in (1).
In order to meet the above control objectives, our proposed intelligent spark gap dis-
tance controller can be separated into 2 parts:
 Level 2 - nonlinear spark gap distance controller → is proposed for controlling
the spark gap distance by generating an appropriate tool feed rate.
 Level 3 - Adaptive spark gap distance controller → is aimed at adjusting the
feedrate that is generated by the level 2 nonlinear spark gap distance controller
so that unstable erosion processes caused by disturbance such as change in erosion
area can be avoided.
The details of our proposed nonlinear spark gap distance controller are discussed in
Section 6.4, and the second part of our proposed intelligent spark gap distance con-
troller is presented in Section 6.5.
6.4 Level 2 - Nonlinear Spark Gap Distance Control Al-
gorithm
As shown in Figure 6.3, our proposed spark gap algorithm can be separated into two
parts:
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Figure 6.3: Level-2 nonlinear spark gap distance control block diagram.
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 Approach feedrate controller (AFRC) is aimed at controlling the tool’s feedrate
while it is approaching the electrode wheel so that the tool can be fed with a high
velocity but prevent short circuiting with the electrode wheel, and
 Optimum feedrate controller (AFRC) is proposed for controlling the spark gap
distance at an optimum level after the tool has already been positioned relative
close to the electrode wheel.
The details of our proposed approach feedrate control algorithm are discussed in Sec-
tion 6.4.1, followed by the optimum feedrate controller in Section 6.4.2.
6.4.1 Approach feedrate controller
Problem discussion
As it was briefly explained, the tool can short circuit with the electrode wheel im-
mediately after the spark discharges are initiated due to the excessive delay in the
machine servo system. Generally, this short circuit spark gap condition is undesirable
and harmful to the performance of the erosion process due to the following reasons:
 Poor material removal efficiency,
 excessive wear to the electrode wheel,
 run-out is created on the electrode wheel surface,
 a long period of time is required for the spark gap to recover from its short circuit
condition.
Figure 6.4 illustrated an example of the approach feedrate issue that was encountered
after spark discharges were initiated. As shown in this figure, spark discharges are
initiated at 3 second and immediately fall into the short circuit spark gap condition.
During this period of time, a negative feedrate is generated to retract the tool away
from the electrode wheel. As a result of this retraction movement, the erosion process
is fully recovered at 10 second. It takes about 8 seconds to completely recover from
the short circuit condition and this is unacceptable for today’s high performance spark
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Figure 6.4: Approach issue with average gap voltage algorithm.
erosion machines as it will substantially increase the cycle time for producing a tool.
It is understood that this approach short circuit issue is mainly due to the delay in the
detection of the first spark discharge from the average gap control signal, in which it
provides insufficient time for the machine servo system to respond to the commanded
feedrate that is provided by the spark gap controller. This is because of the high level
of noise that is encapsulated in the average gap voltage signal, which restricts the spark
gap controller to detect the first spark discharges that occur during the approach move.
Proposed control algorithms
In order to resolve this issue, we proposed a new method to dynamically control the
approach movement of the tool so that it can approach at a higher velocity and yet
not short circuit with the electrode wheel. The method that we propose is called the
approach feedrate control (AFRC). Instead of the average gap voltage signal, we pro-
pose to use the open circuit pulse ratio (Pr4) as feedback signal for detecting the start
of the spark discharges. This Pr4 signal is able to provide the information for the spark
gap controller immediately after the first spark discharge occurs. This task can be
accomplished by checking the value of this signal. If the open circuit pulse ratio drops
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below 100%, it shows that at least one spark discharge has started.
Our proposed algorithm for the approach feedrate control algorithm is presented in
the block diagram shown in Figure 6.5. Three types of controllers are used in our
proposed algorithm for controlling the approach movement of the tool. Each controller
is specially designed to cater for the of movement of the tool for different spark gap
conditions. It is noted that only one controller is activated for each control cycle. The
name and function of these controllers are described below:
 Approach feedrate controller 1 (AFRC1) is used to generate a large positive fee-
drate command while the tool is relatively far away from the electrode wheel,
 approach feedrate controller 2 (AFRC2) is used to generate a large negative fee-
drate so that the tool can be stopped at its existing location before it is in contact
with the electrode wheel,
 approach feedrate controller 3 (AFRC3) is to feed the tool with an increasing
feedrate until a medium spark gap distance is achieved.
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Figure 6.5: Block diagram for approach feedrate control.
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As shown in Figure 6.5, open circuit pulse ratio (Pr4) is the only feedback signal that
is used in the approach feedrate controller, and the output of this controller is the fee-
drate (fr) with unit of mm/min. The Pref1 , Pref2 and Pref3 shown in Figure 6.5 are the
input parameters for setting the reference level for the AFRC1, AFRC2 and AFRC3
controllers respectively. When one of the specific controllers is activated, one of these
parameters is compared with the feedback signal Pr4 to generate an error signal for the
controller.
Approach feedrate controller 1
AFRC1 is activated when the open circuit pulse ratio is equal to 100 %, indicating that
the tool is too far away from the electrode wheel for any discharge pulse to be created
and detected. In this controller, a bang-bang controller is used to generate a constant
large positive feedrate:
fr(s) =
{
F11 if e1(k) > 0
F12 if e1(k) ≤ 0
(6.1)
where F11 is the fastest approach feedrate, F12 is the negative feedrate if error is less
than or equal to zero and s is the control cycle.
In general, the reference point for this controller Pref1 , is setup to be 99 %, so that
immediately after a spark discharge is detected, this controller stops generating a large
positive feedrate command for the servo drive system. Once the spark gap distance is
small enough for at least one spark discharge to take place, (AFRC1) controller will be
switched off and (AFRC2) controller will be activated.
Approach feedrate controller 2
The aim of the AFRC2 controller is to generate a large negative feedrate command
signal to the machine servo system, so that the tool can be stopped immediately at
the existing position. In order to achieve this target, we setup the reference parameter
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Pref2 to be 100 % in such a way that a negative error signal can be generated as long
as the feedback signal is below 100 % as defined below:
e2(k) = Pr4(k)− Pref2 (6.2)
This error signal, is then passed to a proportional gain, so that a large negative fee-
drate command can be generated for the servo system. This negative large feedrate is
generated by:
fr(s) =

0 if e2(k) > 0
k2e2(k) if e21 < e2(k) 6 0
F21 if e2(k) ≤ e21
(6.3)
where F21 is the fastest saturation retract feedrate for this controller, e21 is the error
signal for F21 and k2 is the large proportional gain parameter.
It is noted that as shown in Figure 6.5, this controller is switched off after it’s third
control cycle. It was intentionally designed in such a way, so that the tool can be
stopped at the current position in a fastest rate but at the same time not to retract it
further away from the electrode wheel.
Approach feedrate controller 3
At this stage, the tool is already stationary but a distance away from the wheel. AFRC3
controller is then activated so that the tool can be fed towards the electrode wheel until
a medium spark gap distance is achieved. For purposes of achieving this target, we have
setup it’s reference parameter (Pref3) to be 70 %, and the error signal is defined by:
e3(k) = Pr4(k)− Pref3 (6.4)
As it is shown in the block diagram of Figure 6.5, this control system is different from
the other two controllers in such a way that it contains a proportional-integral (PI)
controller instead of the bang-bang or the proportional (P) controller. The output
function of this controller is given by:
fr(k) = frkp(k) + frki(k) (6.5)
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where frkp(k) is the feedrate from the proportional part of the controller and frki(k)
is the feedrate from the integral part of the controller which are given by:
frkp(k) =

F31 if e3(k) > e31
kpe3(k) if 0 < e3(k) 6 e31
F32 if e3(k) 6 0
(6.6)
and
frki(k) = frkp(k)(ki) + frki(k − 1) (6.7)
where F31 and F32 are the maximum and minimum saturation feedrates that can be
generated by the proportional controller, kp is the proportional gain parameters and
e31 is the error for setting F31 .
As shown in above equations, this controller is designed to feed the tool towards the
electrode wheel with an increasing speed until a medium spark gap distance is achieved.
The controller is then switched off and resets the integral of the feedrate.
After a medium spark gap distance is achieved, all the objectives of this approach
feedrate control system are accomplished. using the three controllers in the above
mentioned sequence, the tool can be fed from a very large distance to a medium spark
gap distance with a very high feed rate but yet not short circuit with the electrode
wheel. To achieve an optimum spark gap distance for maximum erosion efficiency, a
nonlinear gain scheduling control system that is then activated. The following section
presents the gain scheduling controller in more detail.
6.4.2 Optimum feedrate controller
Proposed control algorithms
A nonlinear gain scheduling control method is proposed to cater for the stochastic
phenomena involved in the SEP. To achieve a robust and accurate detection of the
condition of the spark gap, two types of feedback signals are used in this controller,
which are the open circuit pulse ratio signal (Pr4) and the total discharge energy (Et)
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signals.
A block diagram for this proposed controller is shown in Figure 6.6. Similar to the
approach feedrate controller as discussed above, this controller contains multiple indi-
vidual sub-controllers for generating the feedrate command signal to the servo system
using a nonlinear gain scheduling control method. Each individual sub-controller was
designed to cater for the different conditions of the spark gap that can happen during
the process. The responsibility of each controller is as stated below:
 Medium spark gap controller (MSGC) is used to feed the tool with a relatively
high speed but not too fast in such a way that a medium spark gap distance
is reached as fast as possible with the smallest possible number of short circuit
occurrences. and
 Transition state controller (TSC) is activated to ensure a smooth transition from
a medium spark gap distance to an optimum spark gap distance.
 Optimum spark gap controller (OSGC) is activated for feeding the tool at an
optimum rate when an optimum spark gap distance is already achieved.
 Short circuit spark gap controller (SCSGC) is to pull the tool away from the
electrode wheel when a short circuit spark gap distance is detected.
Fuzzy logic control for spark gap state observer
The block diagram shown in Figure 6.6, contains a spark gap state observer block that
reads both the total discharge energy signal and the open circuit pulse ratio signal.
The main function of this block is to determine the existing condition of the spark gap
so that a decision can be made to activate the appropriate controller that is suitable
for the specific condition. The performance of this block is vital to ensure the stability
of the erosion process, as activation of an inaccurate controller can cause jitter in the
movement of the tool. Due to the stochastic and high level of uncertainties that are
involved in the spark erosion process, accurate detection of the spark gap using tradi-
tional method can be unreliable. Therefore, in this block, an intelligent routine that
uses a set of IF-THEN fuzzy logic rules to determine the required output for activating
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Figure 6.6: Block diagram for optimum feedrate control.
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Figure 6.7: A block diagram for fuzzy logic spark gap state observer.
these controllers. A fuzzy logic control method is suggested to be used for this appli-
cation as it is a knowledge-based system that can perform very well especially for this
type of system that is highly nonlinear and cannot be easily modelled by mathematical
equations. Figure 6.7 illustrates a fuzzy logic block diagram that is contained in the
spark gap state observer block.
Figure 6.8 and Figure 6.9 are member functions for the total discharge energy and the
open circuit pulse ratio respectively. As it is observed in Figure 6.7, two scaling factors
ki1 and ki2 are used in the input scaling block to map these actual feedback signals
to normalised signals Prnorm and Etnorm . Figure 6.10 illustrates the output member-
ship functions for generating the output signal to activate its respective controller. As
shown in these figures, there are three fuzzy sets for normalised total discharge energy,
which are expressed by F ji2 for j = 1, ...3 and four fuzzy sets for the normalised open
circuit pulse ratio, which are expressed by F ji1 for j = 1, ...4. Table 6.1 lists the lin-
guistic meaning of the labels and symbols used for representing these fuzzy sets. In
addition, for the purposes of convenience, a group of these fuzzy sets are denoted by FN .
The fuzzy rules are generated by intuition and the experience learned from the various
experimental investigations that were conducted previously. A list of these rules is
shown in Table 6.2. It can be seen that there are a number of fuzzy IF-THEN rules in
this table and the l-th rule can be expressed as:
R(l) : If Prnorm is F
l
i1 and Etnorm is F
l
i2 THEN u is F
l
u (6.8)
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Table 6.1: Symbols used to denote fuzzy sets
Meaning Symbol for Poc%norm Symbols for Etnorm Symbols for u
Large F 1i1 F
1
i2
-
Medium F 2i1 F
2
i2
-
Small F 3i1 F
3
i2
-
Very small F 4i1 - -
MSGC - - F 1u
TSC - - F 2u
OSGC - - F 3u
SCSGC - - F 4u
Table 6.2: Fuzzy rules for spark gap state observer
Etnorm
Poc%norm
Large Medium Small Very small
Large MSGC TSC TSC OSGC
Medium MSGC TSC OSGC OSGC
Small TSC OSGC SCSGC SCSGC
where l=1,...,M, and F li1 ∈ FN , F li2 ∈ FN and F lu ∈ FN .
In this control scheme, the fuzzy inference engine adopts a product t-norm method
to perform the fuzzy reasoning of these fuzzy rules. After that the crisp output (u)
can be obtained by defuzzifying it using the center of average method. The mapping
of the crisp output to the enable signal for activating each controller is based on the
following rules: (en1, en2, en3, en4 are enable signals for MSGC, TSC, OSGC and
SCSGC respectively)
 If u > 0.875 then en1 is enabled, others are disabled, and
 if 0.875 > u ≤ 0.5 then en2 is enabled, others are disabled, and
 if u < 0.5 and u > 0.125 then en3 is enabled, others are disabled, and
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 if u < 0.125 then en4 is enabled, other are disabled.
As a result, the logic output signals for selecting an appropriate controller can be gener-
ated. Details about the controllers for generating the feedrate command are discussed
in the following sections.
Medium spark gap controller
As is shown in Figure 6.6, the medium spark gap controller (MSGC) uses the open
circuit pulse ratio as a feedback signal for detecting the spark gap distance. This is
because as discussed in Section 4.3, the open circuit pulse ratio is a better signal for
detecting the condition of the spark gap when the spark gap is not actually too narrow.
The error signal for this controller is given by:
em(k) = Pr4(k)− Pref4 (6.9)
where Pr4 is the open circuit pulse ratio feedback signal and Pref4 is the desired reference
level so that the spark gap distance can be further reduced until an optimum spark
gap distance is achieved. The error signal is passed to a function block with its output
given by:
fr(k) =

Fm1 if em(k) > em1
kmem(k) if 0 < em(k) 6 em1
Fm2 if em(k) 6 0
(6.10)
where fr(k) is the command feedrate, Fm1 is the maximum saturation feedrate for
this controller, Fm2 is the minimum saturation feedrate for this controller, in which
Fm1 > Fm2 . In addition, km is the proportional gain parameter and em1 is the maximum
saturation error for generating Fm1 . It is understood that a switch in controller can
create a sudden change in the feedrate which could potentially cause instability in the
erosion process. A transition state controller is introduced with an aim to overcome
this problem.
Transition state controller
The transition state controller (TSC) is an open loop controller that is used to avoid
the transient effect that can occur in the feedrate command signal due to the sudden
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change in these controllers. This controller is in bypass, if the spark gap is detected to
be in extreme short circuit condition or in extreme large gap state so that a recovery
action can take place immediately.
This controller can be separated into two parts (TSC1 and TSC2), depending on the
transition state of the spark gap. If the spark gap is increased (i.e moving from optimum
to a medium spark gap distance), then TSC1 is activated. On the other hand, if the
spark gap is reduced, (i.e moving from medium to optimum spark gap distance), then
TSC2 is activated. The function for the TSC controller is given by:
fr(k) = fr(k − 1) + ∆V1(k) + ∆V2(k) (6.11)
where fr(k) is the output feedrate command, k is the control loop cycle, and ∆V1(k)
is the increment in the feedrate command and ∆V2(k) is the decrement in the feedrate
command which are given by :
∆V1(k) =
{
0 if fr(k − 1) > Fm2 or T1(k) = 0
(Fm2 − Fo2)(kt) if fr(k − 1) < Fm2 and T1(k) = 1
(6.12)
∆V2(k) =
{
0 if fr(k − 1) 6 Fo2 or T2(k) = 0
(Fo2 − Fm2)(kt) if fr(k − 1) > Fo2 and T2(k) = 1
(6.13)
where kt is the proportional gain parameter for this controller, Fm2 is the minimum
saturation feedrate from the MSGC, Fo2 is the maximum saturation feedrate from
OSGC, in which Fm2 > Fo2 . In addition, T1(k) is the current control loop activation
signal for TSC1 and T2(k) is the current control loop activation signal for TSC2.
Optimum spark gap controller
Optimum spark gap controller (OSGC) is activated for controlling the feedrate of the
tool when a small spark gap distance is detected but is not short circuited with the
wheel. Recall that in Section 4.3, an open circuit pulse ratio is not able to provide
accurate information about the condition of the spark gap when the gap is narrow.
Therefore, the total discharge energy is selected as an input signal for this controller.
The control objective of this controller is different from the others in the sense that it
is to adjust the feeding rate of the tool based on the rate of change in the distance of
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the spark gap. In other words, a constant feedrate is expected if the error signal (eo)
is equal to zero, indicating optimum erosion process has been achieved with optimum
spark gap distance and no change in feedrate command is required. This error signal
is given by:
eo(k) = Et(k)− Etref1 (6.14)
where Etref1 is the desired total discharge energy reference level and Et(k) is the total
discharge energy feedback signal at the current control cycle. This error signal is then
passed into another function for calculating the output feedrate fr(k), This function is
given by:
fr(k) =

Fo2 if eo(k) > eo2
Fo1 + (ko1eo(k)) if 0 < eo(k) ≤ eo2
Fo1 if em(k) = 0
Fo3 − (ko2eo(k)) if eo3 < eo(k) < 0
Fo3 if eo(k) ≤ eo3
(6.15)
where Fo3 is the minimum saturation feedrate, Fo1 is the optimum feedrate when error is
zero and Fo2 is the maximum saturation feedrate in which Fo2 > Fo1 > Fo3 . In addition,
eo2 is the error for maximum saturation feedrate and eo3 is the error for minimum
saturation feedrate , in which eo2 > eo3 . ko2 and ko2 are the input proportional gain
parameters for this controller.
Short circuit spark gap controller
The short circuit spark gap controller (SCSGC) is not normally activated unless no
material is removed from the tool due to the short circuit of the tool with the electrode
wheel. Under normal cases, an appropriate action will be taken by the OSGC controller
if it detects the condition of the spark gap is deteriorating and prevents the tool to be
badly short circuited with the electrode wheel. Thus, this controller is activated only
when there is a sudden increase in the eroding area or inaccurate feedrate parameters
are input by the operator leading to extreme jitter in the movement of the tool. If there
is no gap between the tool and electrode wheel, a very low discharge energy can be
detected from the feedback signal and will slowly rise until the spark gap condition is
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recovered. Etref2 is the reference parameter that is used to set the level of the recovered
discharge energy. An error signal for this controller can be calculated by:
esc(k) = Et(k)− Etref2 (6.16)
This error signal is then passed into another function for calculating the output feedrate
fr(s), This function is given by:
fr(k) =

0 if esc(k) > 0
kscesc(k) if esc1 < esc(k) ≤ 0
Fsc1 if esc(k) < esc1
(6.17)
where Fsc1 is the fastest saturation retract feedrate, esc1 is the minimum error for Fsc1 ,
and ksc is the proportional gain parameter for this controller.
6.5 Level 3 - Adaptive Spark Gap Distance Control Algo-
rithm
Recall that the spark erosion process is known to involve complex and time-varying
phenemona. Random changes in the erosion area for complex tool geometry is also an-
other common phenomena that can take pace during the erosion process. Due to these
factors, level 1 and 2 control algorithms are insufficient to achieve a stable and effective
erosion process. As a result, level 3 adaptive spark gap distance control algorithm is
introduced so that the spark gap control system can adapt itself to different erosion
conditions.
Figure 6.11 shows a block diagram on our proposed spark gap distance controller. This
adaptive spark gap controller is proposed to adaptively tune the feedrate output from
the level 2 nonlinear spark gap distance controller. The output of this adaptive spark
gap controller is a gain ug that is transferred into an integrator with upper and lower
saturation limits of l1 and l2 respectively. The feedrate command to the CNC fr1 is
then generated by multiplying the integrator ug from the adaptive spark gap controller
block with the feedrate output from the level 2 spark gap controller fr.
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Figure 6.11: Spark gap distance controller block diagram.
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6.5.1 Interval type 2 fuzzy logic control (IT2FLC)
Type 2 Fuzzy logic-based methods have shown great success in various linear and
nonlinear control problems (Wu Woei Wan Tan 2006). Type-2 fuzzy sets were first
introduced by Zadeh (Zadeh 1975). They represent an extension of the ordinary type-1
fuzzy sets to increase the fuzziness of a relation. Many researchers have demonstrated
that an intelligent type-2 fuzzy logic control (IT2FLC), that uses interval type-2 fuzzy
sets, outperforms the type-1 fuzzy logic controllers (T1FLC) in terms of handling the
uncertainties encapsulated in a system.
As shown in Figure 6.12, there are three inputs en, e˙n and ui and one output un from
the interval type of fuzzy logic controller. Each of these inputs has an input scaling
factor of ku1 , ku2 and ku3 respectively so that the fuzzy inference is carried out in a
normalised space. In our design, we assume that
|en| ≤ em (6.18)
|e˙n| ≤ em (6.19)
|un| ≤ 1 (6.20)
where en, e˙n and u˙n are the error, error derivative and previous output signals. In the
above equations, em can be easily estimated to be 100% as the maximum range of the
spark gap status signal is ±100% and the maximum output of the controller is ±1,
therefore we can assume that the maximum absolute value for un is 1.
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Figure 6.12: Level-3 adaptive spark gap controller block diagram.
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Figure 6.13: Type 2 fuzzy logic system.
A IT2FLC is shown in Figure 6.13. It contains five components which are the fuzzifier,
rule base, fuzzy inference engine, type reducer and defuzzifier. In our design, both
the inputs and outputs are presented as an interval type 2 fuzzy sets nothing that
computation of parameters of such sets is sufficiently cheap for real-time control. The
crisp inputs (en, e˙n and ui) are fuzzified into multiple type-2 fuzzy sets, which then
map into the inference engine and the rule base to produce type 2 output fuzzy sets.
These type-2 fuzzy sets are then processed by the type reducer which combines all the
output sets for producing a type-1 fuzzy set. The crisp output (un) is then produced
by defuzzifying the type-1 fuzzy set in the defuzzifier. We will introduce each block in
the IT2FLC in the following.
Fuzzifier
Figure 6.14 shows the triangular shaped type-2 membership functions that are used in
our design. The uncertainty in the primary grades of a type-2 membership function are
modeled by the region bounded by an upper bound membership function (UBMF) and
a lower bond membership function (LBMF). The UBMF is the maximum membership
grade of uncertainties and the LBMF represents the minimum membership grade of
uncertainties.
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Figure 6.14: Membership functions for en, ui and un .
Based on the membership functions shown in Figure 6.14 the LBMF is given by:
µ
F˜ ji
(xi) =

0 if xi < l2F˜ ji
(xi − l2F˜ ji )(
1
(K1
F˜
j
i
+K2
F˜
j
i
)( 1
2
)−l2
F˜
j
i
) if l2
F˜ ji
≤ xi < (K1F˜ ji +K2F˜ ji )(
1
2)
(R1
F˜ ji
− xi)( 1R1
F˜
j
i
−(K1
F˜
j
i
+K2
F˜
j
i
)( 1
2
)
) if (12)(K1F˜ ji
+K2
F˜ ji
) ≤ xi < R1F˜ ji
0 if xi ≥ R1F˜ ji
(6.21)
and the corresponding UBMF is
µ¯
F˜ ji1
(xi) =

0 if xi < l1F˜ ji
(xi − l1F˜ ji )(
1
K1
F˜
j
i
−l1
F˜
j
i
) if l1
F˜ ji
≤ xi < K1F˜ ji
1 if K1
F˜ ji
≤ xi < K2F˜ ji
(R2
F˜ ji
− xi)( 1R2
F˜
j
i
−K2
F˜
j
i
) if K2
F˜ ji
≤ xi < R2F˜ ji
0 if xi ≥ R2F˜ ji
(6.22)
where xi = {en, e˙n, ui}, (i = 1... 3), en represents the error signal of the spark gap sta-
tus signal input into the control system, e˙n represents the derivative of the input error,
and F˜ ji is characterized by a type-2 membership function for j-th fuzzy set associated
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with the i-th input.
Rule base
The fuzzy rules for IT2FLC remain the same as T1FLC, but their antecedents and
the consequents are represented by interval type-2 fuzzy sets (consisting of LBMF and
UBMF). There are five labels of fuzzy sets used in the proposed control system: negative
large (NL), negative (N), zero (Z), positive (P) and positive large (PL). The general
rule structure of a IT2FLC for the l-th rule (l = 1...L , where L is the number of rules)
has i inputs that can be expressed as:
R(l) : IF x1 is F˜
j
1 and x2 is F˜
j
2 and x3 is F˜
j
3 then un is G˜
j (6.23)
where F˜ j1 , F˜
j
2 , G˜
j ⊆ [NL NM ZE PM PL] and F˜ j3 ⊆ [NE ZE PS], xi = {un, e˙n, ui}
and un is the control output of this system.
Fuzzy inference engine
The fuzzy inference engine combines the rules and gives a mapping from the input
type-2 fuzzy sets to output type-2 fuzzy sets. In this fuzzy inference engine, multiple
antecedents in the rules are connected using the Meet operation, and membership
grades in the input sets are combined with those in the output sets using the extended
sup-star composition rule of interference. In our proposed control scheme, the type-2
fuzzy inference engine of the IT2FLC adopts a product t-norm for input antecedent
operations, which gives the result as a firing set that can be expressed as
F l(x) = [f l(x), f¯ l(x)] ≡ [f l, f¯ l] (6.24)
where
f l = µ
F˜ ji1
(x1) ? ...... ? µF˜ jiI
(xI) (6.25)
f¯ l = µ¯
F˜ ji1
(x1) ? ...... ? µ¯F˜ jiI
(xI) (6.26)
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where the ? operator represents the t-norm product and µ
N˜j1
(·) and µ¯
N˜j2
(·) represent
the lower and upper bound membership functions, respectively.
Type reducer
Type reducing is an operation that maps the type-2 output sets of the inference engine
to multiple type-1 fuzzy sets. These type-reduced sets are then defuzzified to obtain the
crisp output, un. In our proposed control scheme, we use the uncertainty bound type
reducer method (Wu and Mendel 2002) which is computationally efficient for real-time
implementation. The calculations of the type reducer sets y1 and y2 are given by:
y1 =
y
1
+ y¯1
2
(6.27)
y2 =
y
2
+ y¯2
2
(6.28)
(6.29)
where
y
1
= y¯1 −A×
∑L
l=1 f
l(yl − y1)∑Ll=1 f¯ l(yL − yl)∑L
l=1 f
l(yl − y1) +∑Ll=1 f¯ l(yL − yl) (6.30)
y¯2 = y2 +A×
∑L
l=1 f¯
n(y¯l − y¯1)∑Ll=1 f l(y¯L − y¯l)∑L
l=1 f¯
l(y¯l − y¯1) +∑Ll=1 f l(y¯L − y¯l) (6.31)
in which
A =
∑L
l=1(f¯
l − f l)∑L
l=1 f¯
l
∑L
l=1 f
l
(6.32)
and
y¯1 = min{y(0), y(L)} (6.33)
y
2
= max{y¯(0), y¯(L)} (6.34)
where
y(0) =
∑L
l=1 y
lf l∑L
l=1 f
l
(6.35)
y¯(0) =
∑L
l=1 y¯
lf¯ l∑L
l=1 f¯
l
(6.36)
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y¯(L) =
∑L
l=1 y¯
lf l∑L
l=1 f
l
(6.37)
y(L) =
∑L
l=1 y
lf¯ l∑L
l=1 f¯
l
. (6.38)
From the type reducer operations, we have an output type reduced set determined by
its left most point y1 and right most point y2, hence the defuzzified crisp output un is
given by
un =
y1 + y2
2
(6.39)
Output scaling
It is also noted that as shown in Figure 6.12, there are two output scaling factors
ku4 and ku5 in our design. The normalised output of the IT2FLC un is mapped to a
practical output space by multiplying one of these output scaling factors. These output
scaling factors are activated by the switches, S1 and S2 with the following conditions:
S1 =
{
1 if un > 0.5
0 if un ≤ 0.5 (6.40)
and
S2 =
{
0 if un > 0.5
1 if un ≤ 0.5 (6.41)
6.5.2 Anti-windup integrator (AWI)
The main purpose of this anti-windup integrator is to increase the responsiveness of
the adaptive spark gap controller when its error input remains with the same polarity
for a period of time. The integrator output y(m) is given by:
y(m) = (un(m))(ki) + y(m− 1) (6.42)
where un(m) ∈ [−1 : 1] is the output of the IT2FLC for (m) cycle and ki is the inte-
grator gain.
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Equation (6.42) would lead to an out of range problem of the output y(m) if the input
un remains the same polarity for a long duration and during this period the integrator
output keeps on accumulating until this variable becomes out of range. As a result,
unnecessary extra delay will be introduced in the response of the controller when the
polarity of un changes which leads to an excessive overshoot of the spark gap status
signal that can result in an unstable erosion process. To avoid this excessive overshoot
and its associated risk of instability, we introduce an anti-windup scheme, which is an
algorithm to check the accumulation of the integrator and prevent it from becoming
very large. The commonly used tracking anti-windup schemes for PI controllers is
adopted in our design and it is given by:
y(m) = (un(m)− y′(m− 1))× ki + (y(m− 1)× sgn(y(m− 1))) (6.43)
where
y′(m− 1) =

y(m− 1)− ymin if ymin > y(m− 1))
0 if ymin < y(m− 1)) < ymax
y(m− 1)− ymax if ymax ≤ y(m− 1))
(6.44)
where ymax > 0 and ymin < 0 are maximum and minimum allowable limits of the
accumulated integrator y(m).
sgn(y(m− 1)) =

0 if y(m− 1) > 0 and y(m− 2) < 0
1 if y(m− 1) < 0 and y(m− 2) < 0
0 if y(m− 1) < 0 and y(m− 2) > 0
1 if y(m− 1) > 0 and y(m− 2) > 0
(6.45)
Equations (6.43 and 6.44) show that the output y′(m−1) is a feedback signal designed
with the aim to reduce the amount of un(m) going into the integrator ki. As a result,
the accumulation of the integrator is reduced if the output y′(m− 1) is above or below
the maximum and minimum allowable limits. It is also noted that this integrator is
resettable if there is a change in the polarity of the input un. This is to ensure that
the integrator will not create an extra delay in the response of the adaptive spark gap
controller.
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The final output of this adaptive spark gap controller is given by taking the summation
of the output from the IT2FLC and the output from the AWI which is given by:
ug(m) = u
′
n(m) + y(m) (6.46)
6.6 Real-time Implementation of Proposed Algorithms
In previous sections, we discussed our proposed algorithms for effective spark gap con-
trol. In this section, we discuss the software architecture for algorithms aimed at
verifying the performance of these control algorithms in real-time implementations. In
Chapter 5, we successfully implemented the our proposed monitoring and control strate-
gies in an AMD5000 controller card for real-time control. In this chapter, we will be
using the same controller card for validating our proposed spark gap control algorithms.
Feedback signals detection
The software architecture that is implemented for spark gap detection and control al-
gorithms is shown in Figure 6.15. Note that the software architecture that is used
in this chapter is very similar to one that was used in previous chapter for discharge
pulse monitoring and control strategies. This is because the spark gap detection and
control strategies that are discussed in this chapter are enhanced features to improve
the traditional average gap voltage spark gap control algorithm that was previously
presented and validated.
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Figure 6.15: Software architecture for the implementation of spark gap detection and control algorithms.
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As shown in Figure 6.15, the detection of the total discharge energy is implemented in
FPGA whereas the open circuit pulse ratio detection and the spark gap controller are
implemented in the DSP. This is because the total discharge energy block is needed to
operate at a very fast control loop, and therefore, it is better to be implemented in the
FPGA which provides much faster processing power compared to the DSP.
The total discharge energy block receives a “MOSFETs ON” signal and a “discharge
started” signal from the spark discharge pulse controller. The MOSFETs ON signal is
to inform the total discharge energy block about the status of the MOSFETs command
signal so that it can calculate the actual pulse on and off times for each discharge pulse.
The discharge started signal is used as an enable signal for calculating the discharge
power in each pulse. A new average discharge power and average duty cycle will then
be calculated after each discharge pulse. The final total discharge energy is then cal-
culated in a slower 4 ms loop based on the average discharge power and average duty
cycle that was achieved. This variable can then be read by the DSP at the same 4 ms
loop for further processing.
Thanks to the parallel processing capability of the FPGA, the number of open cir-
cuit (Pn4), short circuit (Pn3), normal efficient (Pn1) and arcing pulses (Pn2) can be
calculated at the same time while the total discharge energy is being calculated. Based
on this information from the FPGA, a new open circuit pulse ratio can then be calcu-
lated at the DSP in a 4 ms loop as well.
As shown in Figure 6.15, the level-2 and level-3 adaptive spark gap controllers are
implemented in the DSP. It is noted that the level-2 spark gap controller is running
continuously at a 4 ms loop whereas the level-3 adaptive spark gap controller is oper-
ating at a slower rate which is a 1 s loop. At every 4 ms control loop, a new feedrate
is generated from the level-2 spark gap controller but the ug output from the level-3
adaptive spark gap controller only gets updated at every 1 s loop. This new feedrate
command, Fr1 is then transferred to the machine’s CNC via Ethercat communication
for further processing. The CNC will then output position commands to the machine
servo system. This servo system then reads this position command signal and moves
the machine axes accordingly. It is also noted that the algorithms based on which
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the machine’s CNC converts the feedrate command signal into multiple position com-
mands, is not part of this research.
6.7 Experimental Design and Algorithms Verification
For the purpose of verifying the performance of our proposed spark gap control al-
gorithms in real-time applications, we conducted four sets of carefully designed ex-
periments by based on the controller card programmed using the software architecture
that was discussed in Section 6.6. These experiments were conducted with the following
objectives:
 To verify the performance of the proposed spark gap controller on two different
type of tools (PCD and WC), and
 To verify the performance of the approach feedrate controller, and
 To evaluate the performance of the optimum spark gap controller, and
 To compare the improvement achieved with the proposed spark gap control al-
gorithm and the original algorithm that uses average gap voltage as a feedback
signal, and
 To evaluate the performance of the adaptive spark gap controller when there are
changes in the erosion area.
6.7.1 Experimental design and setup
Experiment sets A and B
It is understood that the erosion is more stable when the tool contains 100 % tungsten
carbide material compared with a tool with high percentage of PCD material. This is
because of the difference in their electrical conductivity which leads to a smaller spark
gap distance when eroding a tool with PCD material compared to a tool with pure
tungsten carbide material. As a result of a narrower spark gap, the robustness of the
spark gap controller plays a more critical role in maintaining the stability of the erosion
205
6.7 Experimental Design and Algorithms Verification
Table 6.3: EDG process parameters for validation of spark gap control algorithms.
Variable Names Parameters
Open Circuit Voltage [V] 120
Pulse Current [A] 12
Pulse On Time [µs] 40
Pulse Off Time [µs] 40
Wheel surface speed [m/s] 3.5
Wheel rotating direction CW
Wheel polarity [+/-] +
process. Two sets of experiments (Exp A and Exp B) were conducted to ensure our
proposed spark gap controller performs well for erosion of PCD tools as well as tung-
sten carbide tools. All experiments were conducted using the EDG process parameters
listed in Table 6.3.
Experiment set C
The third set of experiments was conducted with the aim of comparing the performance
of the proposed algorithms with the original spark gap control algorithm using the same
sets of EDG process parameters listed in Table 6.3. This set of experiments were de-
signed similar to experiment sets A and B,except that different control algorithms were
used.
Experiments set D
The fourth set of experiments is conducted with the aim of verifying the performance
of the spark gap controller when multiple step changes of erosion area occurs during
the erosion process. The tools used in this fourth set of experiments are specially pre-
pared so that there are 2 step changes (one with an increase in erosion area of 7.5X
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and another with a reduction in the erosion area of 7.5X) during the erosion process.
6.7.2 Results discussion
Spark gap control performance verification on WC and PCD
For the sake of comparing the experimental results achieved with our proposed spark
gap control algorithms and the original algorithms, we will be using the average gap
voltage as our main feedback signal for comparing the performance of these two control
algorithms. Figure 6.16 shows an example of the average gap voltage signals that were
logged for tungsten carbide (WC) and PCD tool erosions. The graph in red is the data
for WC tool erosion whereas the graph in blue is the data for PCD tool erosion. As
shown in this figure, the average gap voltage signal for WC tool erosion is more stable
than PCD tool erosion. In addition, although these experiments were conducted with
the same erosion parameters, the optimum average gap voltage level that was achieved
with WC tool erosion is 10V lower than the optimum average gap voltage level that
was achieved with PCD tool erosion. The difference in the stability and optimum aver-
age gap voltage level for these two experiments is due to the difference in the electrical
conductivity of the tool’s material. It is an evidence that tool’s material with good elec-
trical conductivity (WC) has more stable erosion process than the tool’s material with
less electrical conductivity (PCD). In addition, the results show that erosion process
on WC tools is more stable than the erosion process on PCD tools, but the stabilities
that were achieved by both experiments are within the acceptance level.
Approach feedrate controller performance verification
Our proposed spark gap control algorithm is mainly focused on erosion of tools with
PCD type tools. Figure 6.17 is another example of the average gap voltage signal and
the actual feedrate command that were logged for PCD tool erosion. As shown in this
figure, the tool is able to be fed towards the electrode wheel at a relatively high feedrate
(in this case it is 5 mm/min) and at the same time it is able to prevent any contact
between the tool and the electrode wheel once the gap is detected to be relatively small
for spark discharges. As shown in the feedrate graph (in blue) from Figure 6.17, a
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Figure 6.16: Comparison of results achieved with tungsten carbide and PCD ero-
sion.
very large negative feedrate is generated from the AFRC2 controller immediately af-
ter the spark discharge is detected by the control system. After that an incremental
feedrate that is generated by AFRC3 controller can be observed until a medium spark
gap distance is achieved. At Time = 4 s, a medium spark gap is achieved, the OFC
is activated and the AFRC is deactivated. At this state, the spark gap observer is
switching between the sub-controllers in the optimum feedrate controller until Time =
12 s, when an optimum spark gap distance is achieved for optimum erosion process.
By comparing the result that is achieved using our proposed approach feedrate control
algorithm (shown in Figure 6.17) and the result obtained using the original average gap
voltage algorithm(shown in Figure 6.4), we demonstrated that our proposed approach
feedrate control algorithm is able to prevent the tool from being short circuited to the
electrode wheel after spark discharges take place.
208
6.7 Experimental Design and Algorithms Verification
0 20 40 60
-1
0
1
2
3
4
5
Time [s] 
0 20 40 60
0
20
40
60
80
100
120
Time [s] 
Feedrate [mm/min]Average Gap Voltage [V]
Large negative feedrate
Constant feedrate
No Short Circuit Condition
Figure 6.17: Results of average gap voltage feedback signal and generated feedrate
command.
Improvement achieved with proposed spark gap control algorithms
Figure 6.18 illustrates an example of the average gap voltage signals and tool positions
that were logged while conducting an experiment using a PCD tool with the original
average gap voltage algorithm for controlling the spark gap. As it is shown in this
figure, from Time = 0-1 s, the tool is moving towards the electrode wheel (decrease in
tool position) at a high speed and is short circuited with the electrode wheel at Time
= 1 s. At this stage, the position of the tool is slowly increasing, indicating that the
tool is slowly moving away from the electrode until the average gap voltage is raised
up to 20 V. Thereafter, it is observed that the average gap voltage signal becomes very
unstable and jitter in the movement of the tool can also be observed. These results
show that the erosion process is very unstable. This condition is highly undesirable
for today’s high precision spark erosion machines, as it can cause inconsistency in the
efficiency of the material removal process and the quality of the produced tool cannot
be easily controlled.
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On the other hand, Figure 6.19 illustrates the average gap voltage signal and the corre-
lated tool position that were achieved using our proposed spark gap control algorithm.
As shown in this figure, the tool is now able to be fed towards the electrode wheel
without a short circuit occurring, using the same speed as was used in Figure 6.18. It
is observed that after Time = 3 s, the approach feedrate controller was deactivated as
the spark gap distance is already relatively small and the optimum feedrate controller
is now activated to further control the spark gap for optimum erosion process.
The average gap voltage signal that is achieved in Figure 6.19 is a lot more stable
compared to the one that is obtained from Figure 6.18. The maximum deviation of
the average gap voltage signal achieved using our proposed spark gap control algorithm
from the period of Time = 3 s to 30 s is 30 V and the maximum deviation that is ob-
tained using the original average gap voltage control algorithm is 105 V. By comparing
these two results, an improvement of 71 % in the maximum deviation of the average
gap voltage signal can be achieved by using our proposed spark gap control algorithm.
It is observed that no jitter can be found in the tool position signal that is shown in
Figure 6.19. It indicates that the erosion condition is well under control and the tool is
being fed smoothly towards the electrode wheel so that an optimum spark gap distance
can be maintained.
Spark gap controller verification with changes in erosion area
Figure 6.20 illustrates an example of the spark gap status signal and the machine fee-
drate command that were logged while conducting erosion on a PCD tool that has
multiple step changes in the erosion area. In this experiment, the reference level of the
adaptive spark gap controller Sgref is set at 20%. As shown in this figure, the erosion
process started off with the spark gap status remaining very close to 20% until a step
change of (7.5X) in the erosion area occurs at 60 second. As soon as the spark gap
status moved away from the Sgref level, the adaptive spark gap controller immediately
tuned-up the feedrate command until the spark gap status signal was back to its ref-
erence level. The results in this figure show that it took about 100 seconds to achieve
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a steady state erosion process after an instantaneous of erosion area had occurred. At
160 second, another step increase in erosion area has occurred as a result of which
the feedrate command immediately dropped from 6mm/min to 0.8 mm/min within a
period of 50 seconds with a small overshoot that is observed in the spark gap status
signal at 200 second.
By comparing the results achieved with our spark gap controller (shown in Figure 6.20)
and the results obtained by the traditional average gap voltage gap controller (shown
in Figure 6.2), no oscillation can be found in the spark gap status signal from the start
to the end of the erosion even though there are two changes in erosion area during
the complete process. This result shows that our proposed adaptive spark gap control
algorithm outperforms the traditional average gap control algorithm and is capable of
handling major disturbances such as changes in erosion area.
The results obtained in these experiments show that there are five significant contribu-
tions of the proposed spark gap detection and control algorithms which substantially
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improve the performance of SEP:
 Robust spark gap detection → The proposed spark gap detection algorithms are
vary reliable. They can detect the actual spark gap condition accurately at a
very fast rate. The open circuit pulse ratio signal that was proposed is always
normalised from 0 to 100 % regardless of input process parameters and it is robust
for detecting the condition of the spark gap if its width is medium to large. When
the width is relatively small, the proposed total discharge energy is applied for
robust detection of the change in the spark gap in every control loop. Combining
these two signals can provide more insightful and accurate information about the
spark gap condition for the spark gap controller.
 Effective approach feedrate control algorithms → The proposed approach feedrate
control algorithms are able to quickly detect the initiation of the first spark and
immediately generate a very large negative feedrate. As a result, the tool can be
fed with a high feeding rate and at the same time is able to stop the movement
of the tool with a very small gap of a few micrometers before it is in contact with
the electrode wheel.
 Erosion process stability → The proposed spark gap control algorithms are able
to stabilise the erosion process by activating the appropriate controller based on
the detected condition of the spark gap. As a result, a more accurate feedrate
command can be generated and early action can be taken before harmful short
circuit or an inefficient open circuit spark gap condition takes place.
 Erosion process adaptiveness → The proposed spark gap control algorithms are
highly responsive to disturbance such as changes in erosion area. It is also capa-
ble of “self-tuning” the feedrate generated from the level 2 spark gap controller
to achieve an optimum spark gap distance for optimum SEP. As a result, only
minimal tuning is required from the user on the parameters used in this spark
gap controller.
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 Efficient spark gap control system → The proposed spark gap detection and con-
trol algorithms are efficient and can be implemented in any embedded processor
such as FPGA and DSP for real-time spark gap detection and control.
6.8 Conclusions
This chapter discussed the problems encountered in the control of the spark gap for
optimum SEP. We also discussed the need for a robust spark gap controller that is
responsive to stochastic disturbances that usually appear when erosion is in progress.
Spark gap control algorithms are then proposed for controlling the feeding rate of the
tool. Two main controllers are proposed for different applications. The first controller
is the level-2 non-liner spark gap distance controller which is proposed for controlling
the spark gap distance by generating an appropriate tool feeding rate. The second
controller is the level-3 adaptive spark gap distance controller, in which it is proposed
to incorporate a “tune-up” to the feedrate that is generated by the level-2 spark gap
distance controller so that instabilities caused by disturbances introduced into the sys-
tem such as change in erosion area can be avoided. For the sake of handling such
uncertainties, a IT2FLC with an anti-windup integrator is proposed in this controller.
The proposed algorithms were implemented in the DSP and FPGA for real-time ap-
plications. Experiments were conducted using these embedded processors that are
programmed with the proposed algorithms. Experimental results show that the pro-
posed algorithms with IT2FLC are capable of stabilising the erosion process within 100
seconds after an instantaneous change in erosion area has occurred. These results show
that the proposed spark gap control algorithms are capable of fulfilling all the control
objectives as stated in Section 6.3.
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Chapter 7
Conclusions and Future Work
7.1 Conclusions
A robust and efficient spark erosion control system has been successfully developed
and implemented in a commercial 5-axes spark erosion machine with rotating elec-
trode. The outcome of this research work has successfully achieved all the objectives of
the thesis as stated in Section 1.3. The improvement in poor cutting edge is achieved by
introducing intelligent discharge pulse control as discussed in Chapter 5. Improvement
in the erosion process stability and gap distance optimisation is realised by introduc-
ing various control strategies in the spark gap distance control as discussed in Chapter 6.
In Chapter 1, we introduced the rationale of carrying out this research relating to the
erosion of PCD type tools and the needs for an intelligent spark erosion control system
that is capable of producing a high quality PCD tool and is suitable for 5 axes spark
erosion machines with rotating electrode. In Chapter 2, the foundations of the research
were presented, including a literature review the theoretical background. We presented
the fundamental differences between the configuration of an EDG erosion machine, and
the conventional EDM erosion machine and the requirements for different control sys-
tems were also highlighted.
Chapter 3 investigated the relationship between the eroded PCD tool quality and the
EDG process parameters. The details of the setup of the erosion machine (including
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the hardware of the generator) were also discussed. Experiments were conducted to
establish the variables that affect the quality of the eroded tool. Several issues that
lead to poor quality of the eroded tool were discovered and discussed. To this end, the
real need for robust detection and control of the spark gap were discovered from the
results achieved in the experiments.
Chapter 4 focused on algorithms proposed for detecting the spark gap in three different
levels. The first was aimed at monitoring of each discharge pulse at the fastest possible
rate. High speed gap voltage and current signals are measured as feedback signals from
the transducer card. Each discharge pulse is classified into 3 different categories. The
energy of each discharge pulse and the delay time before discharge is initiated are also
closely monitored. The second level focuses on processing the feedback gap voltage and
current for detecting or measuring the spark gap distance. This method is devised based
on two theories. The first hypothesis is that the discharge pulse can only be initiated if
the spark gap distance is sufficiently small. The second hypothesis is that the volume
of the material to be removed from the tool is dependent on the discharge energy that
is supplied to the spark gap. The third level, is focused on detecting the disturbances
that are introduced into the system. These disturbances can be the change in erosion
area or the change in the type of eroded tool’s material. The results presented for each
of these aspects or detection levels show that our proposed algorithms are highly robust
and are able to meet all the requirements that are specified in each level.
The control methods for the above mentioned three aspects or levels of detection were
presented in Chapters 5 and 6. Chapter 5 discussed the discharge pulse control method
using the information provided from the level-1 spark gap status detection. The aims
of the control method are two folds: to prevent spark localisation that can cause insta-
bility of the erosion process, and to prevent tool overheating that can cause premature
failure of the eroded tool, and at the same time not to scarify erosion efficiency. The
performance of the proposed algorithms were then verified by implementing those al-
gorithms in real-time environments. The results achieved from these experiments show
our algorithms outperform the traditional discharge pulse control algorithm with the
following advantages:
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 Stability of the erosion process can be maintained by controlling the amount of
debris that is generated in the spark gap, and
 the toughness of the cutting edge in an eroded PCD tool can be improved by
adaptively controlling the discharge energy that is supplied to the spark gap, and
 the proposed algorithms are highly efficient and can be implemented in any high
speed embedded processor such as FPGA for real-time control.
The proposed algorithms for controlling the spark gap distance were presented in Chap-
ter 6. In this chapter, we discussed how to control the spark gap distance by controlling
the feeding rate of the tool towards the electrode wheel. Our spark gap distance con-
trol algorithms can be separated into two sections: The level-2 non-linear spark gap
distance and the level-3 adaptive spark gap distance control. These control algorithms
use the level-2 and 3 detection information from Chapter 4 as feedback signals. The
algorithms presented are carefully designed with the following objectives:
1. The erosion process must be globally stable, and
2. he tool’s feeding rate is automatically adjusted to maintain the spark gap distance
during erosion process under the constraints stated in (1),and
3. he spark gap must be maintained at an optimum distance so that maximum
erosion efficiency can be maintained under the constraints stated in(1), and
4. he control system must be highly responsive to the stochastics and time varying
phenomena governing the erosion process under the constraints stated in(1), and
5. he control system must be able to respond to external disturbances that are
introduced into the system under the constraints stated in(1).
The performance of the proposed algorithms were then verified by implementing them
in embedded processors for real-time control. Experimental results show that our pro-
posed algorithms are able to fulfil all the control objectives stated above with the
following advantages:
 The tool is now able to be fed towards the electrode wheel with a high feeding
rate but not crash with the wheel, and
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 the optimum spark gap distance can be quickly achieved after the initial spark is
initiated, and
 the spark gap controller is able to maintain the stability of the erosion process
regardless of the stochastic and time varying phenomena of the eorsion process,
and
 the spark gap controller is adaptable to various disturbances that are introduced
into the system such as a change in erosion area, and
 minimum tuning of the spark gap control parameters are required from the user.
This research work has resulted in:
 Proposed algorithms adopted in commercial spark erosion machine, and
 excelling innovation award from Australia CRC association, and
 three papers published in international conferences and journal, and
 one international patent has been filed.
7.2 Future Research
The extension of this research lies primarily in the area of investigating the suitability
of the proposed algorithms for PCD type micro-tool erosion. Erosion of PCD type
micro-tool has been a challenging task due to a smaller erosion area compared to the
larger size tools. Smaller erosion area can promote more spark localising and eventually
causing thermal damage to the tool. Spark jump onto surrounding area is also an issue
that requires investigation. To resolve this issue, a smaller spark gap distance maybe
required. This can potentially be realised by using lower ignition voltage. Stabilising
the erosion process with a very small spark gap distance can be a very challenging task
for the control system. On the other hand, maintaining the precision of the eroded
tool geometry is also another challenging task that requires investigation due to tight
tolerance that are required in erosion of micro-tools.
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Investigation of alternative methods for fabrication of PCD tools is also a challenging
research area. Additive laser fabrication of PCD tool has also come into the interest
of many researchers. One of the advantage of processing PCD laser is that the per-
formance of the lasering process is independent of the electrical conductivity of the
workpiece material. As a result, none conductive diamond tool such as chemical va-
porise diamond (CVD) can be processed by using laser method but not with erosion
process. In addition, although it is believe that laser processing of PCD tool has faster
MRR than erosion process, an investigation is also required to compare the quality of
the finished tools that are produced by spark erosion and laser. The complexity in the
machine kinematic using laser method to process PCD tool is also another challenging
area that requires investigation.
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